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ABSTRACT 
            The diffusion of new technology that provides environmental benefits may require 
government incentives for a duration of time, especially when the technology is expensive. The 
Center of Systems Research and Education (CASRE) model is developed that analyzes the 
impact of incentives in sustaining new technologies to allow their social acceptance. The CASRE 
model includes both demand and supply variables associated with incentive policy to sustain 
new technology. The key to market dissemination and sustainability is the Investment Tax Credit 
(ITC) levels provided by the government. The level of ITC is based on the current cost to the 
customer and the customer acceptance of the cost.  The cost of the technology decreases over 
time due to the effect of learning, scale, and technological progress impacting the level the 
market demand and therefore the tax credit investments required to sustain the technology. A 
sensitivity analysis is utilized to predict the impact of cost reductions on tax incentives required. 
The CASRE model is applied to a case study on non-automotive Proton Exchange Membrane 
Fuel Cells (PEMFCs) for the Backup Power (BuP) and Material Handling Equipment (MHE) 
applications. The termination of ITC in 2018 is projected to cause a sharp sales reduction of 
PEMFCs for BuP but minimum impact on MHE. The gradual phase-out policy of ITC seems to 
be provide greater probability of sustaining PEMFCs for both applications.  
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Introduction 
            The diffusion of new technology that provides environmental/social benefits may require 
some assistance from government at least for few years especially when the technology is 
expensive. This research develops the Center for Advanced System, Research, and Education 
(CASRE) model that provides diffusion of technology using the concept of economics.  The 
CASRE model developed at the University of Tennessee includes both supply and demand for a 
novel product that can be used to guide public policy with respect to market diffusion of this new 
technology. The key is the incentive type and the level of incentives provided by the government 
to support these new technologies. The incentives are evaluated based on the current cost to the 
customer and their acceptance of these costs. Current costs of new technologies change over the 
period in which the technology is introduced. 
 
      Fuel cell is a clean, novel technology. Fuel cell based energy systems can meet the world’s 
future energy demands. Fuel cell has potential to reduce greenhouse gas (GHG) emissions. Fuel 
cell is an electrochemical device that produces electricity without combustion. Unlike other 
electrochemical devices such as batteries, a fuel cell does not require recharging. It produces 
energy as long as the fuel is supplied. There are different types of fuel cell. This work presents 
Polymer electrolyte membrane (PEM) fuel cells for stationary applications such as back‐up 
power (BuP), material handling equipment (MHE), and combined heat and power (CHP). 
 
      A 2008 study for the U.S. DOE (Greene and Duleep, 2008) evaluated the status of the non-
automotive PEM FC industry in the U. S. The study concluded that a substantial government 
2 
 
effort to procure fuel cells for BuP and MHE could lead to a sustainable FC industry if cost 
reductions and performance improvements matched expectations. 
 
      Government policies have been critical to the U.S. fuel cell industry. The Investment Tax 
Credit (ITC) and other financial incentives are essential to compete with established 
technologies. This research develops a mathematical framework for estimating the impacts of 
government incentives and project the possible impact of future programs on the U.S. 
non‐automotive FC industry. The model integrates learning-by-doing, scale economies, and 
technological progress to increase the market share and reduce the cost of fuel cell so that it can 
compete with the traditional technologies. The life-cycle cost of the technology is an important 
part of the model that helps to determine the market share using choice model. 
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Chapter 1  
 
 
 
 
 
 
A Model for Sustaining New Technology Based on Government 
Incentives 
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1.1 Abstract 
            The diffusion of new technology that provides environmental benefits may require 
government incentives for a duration of time, especially when the technology is expensive. The 
Center of Systems Research and Education (CASRE) model is developed that analyzes the 
impact of incentives in sustaining new technologies to allow their social acceptance. The CASRE 
model includes both demand and supply variables associated with incentive policy to sustain 
new technology. The key to market dissemination and sustainability is the Investment Tax Credit 
(ITC) levels provided by the government. The level of ITC is based on the current cost to the 
customer and the customer acceptance of the cost.  The cost of the technology decreases over 
time due to the effect of learning, scale, and technological progress impacting the level the 
market demand and therefore the tax credit investments required to sustain the technology. A 
sensitivity analysis is utilized to predict the impact of cost reductions on tax incentives required. 
The CASRE model is applied to a case study on non-automotive Proton Exchange Membrane 
Fuel Cells (PEMFCs) for the Backup Power (BuP) and Material Handling Equipment (MHE) 
applications. The termination of ITC in 2018 is projected to cause a sharp sales reduction of 
PEMFCs for BuP but minimum impact on MHE. The gradual phase-out policy of ITC seems to 
be provide greater probability of sustaining PEMFCs for both applications.  
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1.2 Introduction 
1.2.1 Fuel Cells 
      A fuel cell is a clean energy source that generates electricity through a chemical reaction 
without combustion and potentially with zero emissions. The use of fuel cells has the promise of 
meeting energy demands in the long term and reducing greenhouse gas emissions.  
     A fuel cell is an electrochemical device consisting of two electrodes layered around an 
electrolyte and catalyst. The complete fuel cell system includes three major components: stack, 
reformer, and Balance of Plant (BoP). The stack is a grouping of individual cells, and its size 
determines the fuel cell’s power output. The reformer produces hydrogen from various sources, 
including fossil fuel sources. BoP is the set of auxiliary components which complete the fuel cell 
assembly, e.g. storage tank, humidifier, pump, wirings, nuts and bolts, enclosure.  
 
     There are several types of fuel cell technologies, e.g. direct methanol fuel cells, alkaline fuel 
cells, reversible fuel cells, and others. This study focuses on the most widely used variant of fuel 
cells, called Proton Exchange Membrane Fuel Cells (PEMFCs). In 2015, PEMFCs accounted for 
90% of fuel cell shipments (E4tech 2015). 
 
     Fuel cells are classified, based on the nature of their application, into two broad categories: 
automotive and stationary (or non-automotive). This study focuses on stationary fuel cell 
applications.  
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1.2.2 Stationary Fuel Cell Applications 
      Stationary or non-automotive fuel cells have played a major role in the development of fuel 
cell technology, per the U.S. Department of Energy (Breakthrough Technologies Institute Inc. 
2011). MHE and BuP were key early markets in the commercialization of fuel cell technology in 
the U.S. Similar trends had been observed in other countries, e.g. Japan (Hitoshi 2016), South 
Korea (Hydrogen London 2016), and Germany (Curtin and Scherer 2013).  
      BuP is an alternative energy source that can be used when power is interrupted. BuP 
manufacturers cater to customers whose grid supply is either vulnerable to natural disasters, e.g. 
telecom providers that maintain telecommunication towers (Qi 2013).  
 
      Fuel cell BuP companies compete with traditional BuP enterprises in these markets. 
Traditional BuP consists of batteries and diesel generators, have their advantages and 
disadvantages. Example of their advantages are familiarity and cost. Vulnerability to weather is 
an example of traditional BuP disadvantage. Fuel cell BuP units use more robust mechanisms.  
 
      MHE are used for moving materials or products in large warehouses, distribution centers, 
manufacturing plants, and construction sites. Fuel cell forklifts are rapidly gaining in popularity 
in the MHE market, with more than 7,700 fuel cell forklifts deployed in 20 states (Curtin and 
Jennifer 2015). There are several reasons for this. First,  they are more economical when required 
for longer operational hours compared to traditional forklifts. Traditonal forklifts require a 20-30 
minute battery change between shifts (Kurtz et al. 2014) and need to be charged overnight. Fuel 
cell in comparison require minimal maintenance, only needing a hydrogen refueling dispenser 
for the entire fleet of vehicles (http://www.chfca.ca/say-h2i/materials-handling/). Nissan, Wal-
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Mart, Defense Logistics Agency (DLA) and Coca-Cola use fuel cell MHEs and have reported 
their operational advantages (Breakthrough Technologies Institute Inc. 2011; Leo 2007; Sector 
2011).  
 
1.2.3 Barriers to Commercial Sustainability of Fuel Cell Industry 
      The non-automotive or stationary fuel cell industry, despite several technological advances, 
is still seeking ways to remain commercially sustainable. The lack of maturity of fuel cell 
technology makes it less compelling to investors, thus driving up costs compared to traditional 
technology. The capital costs of fuel cell systems and hydrogen fuel are additional barriers, and 
due to the lack of hydrogen fueling infrastructure, the cost further increases which has a direct 
impact on the reliability of fuel cell applications. The commercial appeal of fuel cells can 
diminish because of these barriers.  
  
1.2.4 Role of Government Incentives in Commercial Sustainability 
1.2.4.1 Policy Studies 
      Government policy incentives can compensate for some of the cost barriers, making fuel cell 
technology more attractive to the consumer and improving its potential for sustainability. It has 
been shown that fuel cells are an early-stage technology that continues to be reliant on policy 
support for sustenance and competitiveness (Greene et al. 2011). Greene and Duleep, in a study 
conducted for the U.S. Department of Energy, evaluated the stationary PEMFC industry in the U. 
S. (2008). The study concluded that a substantial government effort to procure fuel cells for BuP 
and MHE could lead to a sustainable fuel cell industry if expectations for cost reductions and 
performance improvements are established. The cost reductions and performance improvements 
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predicted by this study were either met or exceeded, thus substantiating the role of policy 
incentives in fuel cell industry development. Upreti et al. examined the progress made by U.S. 
fuel cell manufacturers in terms of their ability to compete with established technologies, and the 
role played by policies in developing the fuel cell industry (2012). Their study also projected the 
potential for a sustainable fuel cell industry in the U.S. within the next decade.  
 
 1.2.4.2 Worldwide Government Incentives 
     Japan’s ENE-FARM program is considered one of the best commercialization programs. 
When the program began in 2009, the Japanese government provided a subsidy of $14,987 per 
unit or up to half the unit cost and made a multi-year commitment with a declining subsidy per 
unit (Robert 2015). Through the German CHP act, Germany provides a financial incentive of 
Euro 5.41 cents/kWh for the stationary fuel cell power plant.  
(http://www.fuelcellenergy.com/applications/financial-incentives/international-incentives/).  
 
      South Korea is promoting green energy through three main policies: a feed-in tariff of 
$0.10/kWh, a green home project, which calls for one million homes powered by the clean 
energy of which at least 100,000 are to be powered by fuel cells, and a Renewable Portfolio 
Standard (RPS). The RPS requires 2% of electricity to be produced by new and renewable 
energy since 2012 increasing in the increments of 0.5% each year to 10% by 2022 
(http://www.kemco.or.kr/new_eng/pg02/pg02040705.asp). In Germany, fuel cell R&D projects 
are funded by the National Innovation Programme (NIP), which provided €1.4 billion for R&D 
projects from 2007 through 2016 (Curtin and Scherer 2013). 
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1.2.4.3 U.S. Government Incentives 
      The U.S. has two significant policies to incentivize the fuel cell industry. ITC is the primary 
fuel cell subsidy policy. It provides a tax credit of $3,000 per kW for fuel cells up to a maximum 
of 30% of the total capital cost of a fuel cell. ITC is set to expire in 2018, and the repercussions 
of this expiry have not been examined in literature. 
 
     The American Recovery and Reinvestment Act (ARRA), introduced in 2009, allows 
purchasers of fuel cells to claim a subsidy in lieu of the tax credit. The ARRA-subsidizes 
purchases of fuel cells are based on cost sharing contracts awarded by the U.S. DOE. Mintz et al. 
studied ARRA’s impact on fuel cell forklifts and BuP (Mintz et al. 2013). They concluded that 
ARRA-supported fuel cell deployments are associated with approximately $57 million in 
economic output over the timeframe of the Recovery Act projects (2009–2012).   
 
1.2.5 Problem Statement 
      Technology in early developmental stages seeks to attract demand while competing against 
established technologies and being constrained by low production volumes and limited supply 
chains. ITC and other government policies have the potential to sustain technology during the 
period in which the new technology is not competitive with traditional technologies. 
 
      A model that allows stakeholders the ability to strategize and articulate ITC policy needs 
development. This is especially relevant when ITC policy is set or modified but without direct 
connection to the realities of sustaining the technology. The issue of sustainability of new 
technologies such as fuel cells via ITC need to be examined from a life cycle cost perspective 
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including manufacturing costs. The cost trends over time due to experiential learning and scale 
elasticity need to be leveraged. Experiential learning means learning from experiences and refers 
to improved productivity through repeated action and minor improvements. Scale elasticity 
measures the percent of cost reduction for an increased production volume. Improved technology 
enhances the throughput for the same quantity of resources, resulting in reduced cost of products. 
These costs need to be utilized to determine market acceptance and therefore the level of ITC 
required over time. Key factors that reduce ITC yet allow the sustainability of the technology 
need to be understood to establish policy. 
 
1.2.6 CASRE Model Overview 
      The Center for Systems Research and Education (CASRE) model developed during this 
research is summarized as follows. The CASRE model is illustrated in Figure 1-1.   The life 
cycle cost of the fuel cell system is modeled as a combination of capital cost as well as fixed and 
variable operating costs. The life cycle costs include material costs, manufacturing costs, 
operation costs and disposal costs. These costs are next annualized using a realistic discount rate. 
Effects of learning-by-doing, scale economies, and technological progress are utilized to estimate 
future costs of new technologies over the next decade. Competitiors are considered in utilizing 
these dynamic costs to estimate market share. The impact of ITC at different levels helps 
determine the impact of incentives on market share and sustainability. This incorporates the 
effect of systematically reducing or eliminating incentives.  Finally, a sensitivity analysis is used 
to estimate the effect of changing model parameters on sales and cost.  
The key contributions of the CASRE model are the following:  
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Figure 1-1 CASRE Market Prediction Model for New Technology. 
 
1. It includes manufacturing and assembly costs in the life cycle costs enhancing cost 
analysis to materials, manufacturing/assembly, operation, environmental damage, and 
disposal.  
2. It integrates the effect of model parameters: learning-by-doing, scale economies, and 
technological progress, to estimate the impact of incentives.  
3. It accurately predicts future cost and sales figures for a period of a decade. Thus, the 
implications of subsidies can be understood.  
4. It allows through the choice model to determine the market share. The market share and 
expected annual sales of fuel cells are used to determine the total sales.  
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1.2.7 CASRE Model Decomposition 
      The CASRE model is decomposed into the following sections. 
 
1.2.7.1 Costs 
      Cost is associated with the major components of fuel cells: the stack, BoP, controller, tank, 
battery, and hydrogen storage. The manufacturer of stacks receives sub components—e.g., 
catalyst, gas diffusion layer (GDL), membranes, bipolar plate (BPP), membrane electrode 
assembly (MEA)—from the supplier. The original equipment manufacturer (OEM) assembles 
these subcomponents to form a fuel cell unit. All these costs are calculated in the cost submodel.  
 
1.2.7.2 Life-Cycle Cost  
a. Material cost is associated with the major components of fuel cells: the stack, BoP, 
controller, tank, battery, and hydrogen storage.  
b. Manufacturing cost includes the cost of manufacturing the MEA, BPP, tank, and air purifier 
system, which go into the stack and BoP. The stack and BoP are then assembled to form the 
fuel cell unit. The assembly is done by the Original Equipment Manufacturer OEM.  
c. Operation cost includes the costs of maintenance, labor, space, fuel and environmental 
damage. 
d. Disposal cost is associated with end of life costs. 
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1.2.7.3 Annualized Costs 
a. The life cycle costs are converted into an Equivalent Annual Cost (EAC). The EAC for the 
new technology and the competing technologies are calculated. EAC is used in making 
decisions. 
1.2.7.4 Costs Over Time 
e. The limitation of the impact of learning-by-doing, scale economies, and technological 
progress on life cycle costs costs are presented in Figure 1-2.  
 
 
Figure 1-2 Impact of Model Parameters on Costs. 
 
1.2.7.5 Technology Choice 
      Market shares are estimated in the technology choice model using EACs. It  predicts the 
market share as the probability of a consumer choosing a new technology. Multinomial logit 
(MNL) choice models are used to estimate market share. The demand’s price elasticity increases 
with increasing price and decreases with increasing market share. Price elasticity is a measure of 
the demand’s responsiveness to changes in price for a particular product and the relationship 
between a change in the quantity demanded and a change in a product’s price. If a small price 
change results in a large change in quantity demanded, the product is said to be elastic.  On the 
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other hand, if a substantial change results in a small change in quantity demand, the product is 
said to be inelastic. 
 
      The model considers the decision makers’ choice as a function of the alternatives’ 
characteristics. One of the main factors in this analysis is cost from a set of available alternatives. 
A decision maker chooses the alternative with the highest utility. Different market shares are 
derived for different incentive scenarios. The market share affects fuel cell systems’ sales and 
costs, which in turn affect model parameters as shown in Figure 1-3. 
 
 
Figure 1-3 Market Share Scenarios. 
 
      The market share is a function of the cost of new technology and its competitors. The 
demand for a new technology is probability times the overall market demand. For, e.g., the 
probability of choosing fuel cell MHE against battery powered MHE is given by, 
         Probability of consumer choosing fuel cell = Market share = si                                (1) 
The relation between market share, si (function of price) and demand is given by, 
                              Demand function for fuel cell = f(PFC, PBatt).Q                                               (2) 
Where PFC = price of fuel cell 
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               PBatt. = price of battery  
               Q = overall market demand 
                             Demand for battery MHE = (1-f).Q              (3) 
 
1.2.7.6 Market Characterization 
      The potential market size is estimated in the market characterization section. That size is then 
transferred to the sales sub model, where expected sales for each technology are estimated. 
 
1.2.7.7 Policy 
      Government incentives reduce the system cost, which affects the technology choice. The 
higher the incentives, the more likely people are to buy new technology. Different combinations 
of incentives are used to predict the market 
 
1.2.7.8 Forecasting 
      Market shares from the technology choice model are passed to the sales section where they 
are multiplied by the potential market size based on the market characterization, which provides 
information on expected annual sales. Moreover, the number of sales through government 
procurement is also added to calculate total sales for each year. Sales estimates are passed to the 
model parameters to calculate the effects of scale economies, learning-by-doing, and 
technological progress. These effects are combined into cost multipliers and then passed back to 
the annualized cost model, where the costs of fuel cell BuP and MHE are predicted. Separate 
cost multipliers are estimated for future years.   
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1.2.8 Dissertation Outline 
The dissertation is organized into three chapters and the conclusion.  
 
• The first chapter presents a current model of market diffusion that includes 
manufacturing costs and other operations costs with updated parameters. The model is 
applied to MHE and BUP applications where the impact of the ITC is studied. The 
remainder of Chapter 1 is organized as follows.  
o Chapter 1.3 reviews the existing literature of fuel cell. The literature for each of 
the proposed market prediction model’s sub models is summarized. We then 
summarized the literature that explains different techniques to assess the choice of 
fuel cell technologies.  
o Chapter 1.4 presents the market prediction model for new technology. Also 
explained is the sensitivity analysis, which helps quantify the assumptions about 
the parameters’ influence on the technology’s estimated future costs and sales.  
o Chapter 1.5 discusses how the market prediction model applies to the stationary 
fuel cell industries in the United States. The model is used to examine the impact 
of current and possible future government subsidies and to assess the potential for 
achieving a sustainable stationary fuel cell industry in the U.S. The model 
includes a detailed analysis of fuel cell technology’s life-cycle cost.  
o Chapter 1.6 includes the conclusion of the first chapter. 
• The second chapter presents the implication of the ARRA and ITC on fuel cell BUP and 
MHE market. The second chapter, a paper published in International Journal of 
Hydrogen Energy in 2012, presents the status and prospects of fuel cells for non-
automotive uses. The status of global fuel cell markets is also assessed.  
17 
 
• The third chapter presents the development of model beginning in 2011. The model did 
include detail analysis of costs. It estimated the impact of incentives such as the ITC and 
Self Generation Incentive Program (SGIP) on the future market of fuel cell MHE, BuP, 
and CHP. The third chapter explains the impact of the ARRA and the ITC on the North 
American non-automotive PEMFC industry recently published in the International 
Journal of Hydrogen Energy. The model parameters are updated using recent data to 
determine the impact of government policies. Finally, the conclusions and limitations are 
presented.  
 
1.3 Literature Review 
      The literature review highlights the benefits of fuel cell technology and lack of systemic 
study to analyze the effect of different parameters on the cost and sales of stationary fuel cell 
systems. This study’s fuel cell model consists of different submodels; thus, the literature about 
each submodel is reviewed including life-cycle assessment [Table 1-1].  
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Table 1-1 Summary of Selected Literature on Fuel Cell Technology and Its Competitors. 
Authors (Year) Cost  Technology 
Choice 
Life-Cycle 
Assessment  
Model 
Parameters 
Forecasting Policy Study 
Ramsden (2013)  Fuel cell 
and battery 
MHE  
Fuel cell over 
battery MHE 
X X X X 
Renquist et al. (2012)  Fuel cell 
and battery 
MHE  
Fuel cell over 
battery MHE 
X X X X 
Larriba et al. (2013)  Fuel cell 
and battery 
MHE  
Fuel cell over 
battery MHE 
X X X X 
Kurtz et al. (2014)  Fuel cell 
and battery 
BuP  
Fuel cell over 
battery BuP 
X X X X 
Liang et al. (2013)  Fuel cell 
and battery 
BuP  
Fuel cell over 
battery BuP 
X X X X 
Duleep (2014)  Fuel cell 
and battery 
BuP  
Fuel cell over 
battery BuP 
X X X X 
Wei et al. (2014)  Fuel cell 
and battery 
BuP  
Fuel cell over 
battery BuP 
X X X X 
Cervero et al. (2007)  X Transportation 
modes 
X X X X 
Scataglini et al. 
(2015)  
X X Fuel cell 
CHP  
X X X 
Handley et al. (2002)  X X Automotive 
fuel cell 
X X X 
Pehnt (2001)  X X Automotive 
fuel cell stack 
X X X 
Jeong et al. (2002)  X X Fuel cell 
hybrid 
vehicle 
X X X 
Gnann et al. (2015)  X Vehicle choice X X No. of 
electric 
vehicles 
EVs in Germany 
de Haan et al. (2009) X Vehicle choice X X Cars  Fuel-efficient to 
highly inefficient 
cars 
Eppstein et al. (2011)  X Vehicle choice X X X Plug-in hybrid 
vehicle (PHEV) 
Mintz et al. (2013)  X X X X X Fuel cell MHE and 
BuP 
Greene (2001)  X Vehicle choice X X X X 
Pade et al. (2013)  X X X X X Fuel Cell CHP 
Kim et al. (2012)  X X X X Electricity price Photovoltaic  
Mansouri et al. 
(2012) 
X X X X X Fuel cell 
MHE in 
Europe  
Keles et al. (2012)  X X X X X FCVs in 
Germany 
Pellegrino et al. 
(2015) 
X X X X X  
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Table 1-1 (Continued) 
Authors (Year) Cost  Technology 
Choice 
Life-Cycle 
Assessment  
Model 
Parameters 
Forecasting Policy 
Study 
Contestabile (2006)  X X X X X Fuel cell 
vehicles 
Staffell et al. (2009) X X X Learning-by-
doing for 
Japanese 
PEMFC  
Cost of CHP X 
Anandarajah et al. (2013)  X X X Learning-by-
doing for 
automotive 
Fuel cell 
X X 
       
Neij et al. (2008)  X X X Learning-by-
doing for 
Fuel cell 
CHP 
X X 
Schoots et al. (2010)  Japanese 
Fuel cell 
CHP 
X X Scale 
elasticity and 
Learning-by-
doing for 
PEMFC 
X X 
Niakolas et al. (2016)  X X X Scale 
elasticity and 
technology 
progress 
X X 
MARKAL (http://iea-
etsap.org/index.php/etsap-
tools/model-
generators/markal) 
Energy 
Technology 
X X Learning-by-
doing and 
technology 
progress 
X X 
Schwanitz (2013)  X X X X X Climate 
change 
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1.3.1 Diffusion of Technology 
            Technology diffusion is the process of adoption of adopting new technology over time 
because of changes in new products’ usage patterns. The usage patterns for new technology over 
time follow an S-shaped curve, where the usage rate increases slowly and then accelerates up to 
the point of reaching the total market size. The diffusion process includes two major market 
players: supply and demand. 
 
1.3.2 Cost Analysis  
      This section analyzes the cost and relative strengths and weaknesses of fuel cell systems and 
of competing technologies. Fuel cells have a clear advantage over battery powered MHE, 
especially when operations extend for multiple shifts a day (Ramsden 2013). In such cases, 
batteries need to be charged and replaced one or more times each day, thus increasing labor 
costs. For larger Class I and II forklifts, fuel cells could reduce the ownership cost by 10%. The 
ownership cost for smaller Class III forklifts can be reduced by 5%. A sensitivity analysis was 
conducted to understand various input parameters’ effects on the cost of owning forklifts.  
 
      For Class I and II fuel cell MHE, the fuel cell system’s maintenance, the life, and the size of 
the fuel cell MHE fleet have the largest effect on the resulting ownership cost. For Class III fuel 
cell MHE, the fuel cell system life has a significant effect on the estimated annual cost of owning 
a fuel cell lift. However, for Class III MHE, fuel cell maintenance costs have a lesser impact on 
the total cost, and the forklift fleet’s size and the hydrogen infrastructure costs have a greater 
effect. The total cost of owning a Class III battery MHE is most sensitive to the number of 
battery changes per day and the time needed to complete a battery change. The sensitivity 
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analysis for Class III MHE also shows that the MHE deployment scenario’s intensity is a 
defining factor in whether fuel cell MHE will have a lower ownership cost compared to battery 
lifts. Fast-charge forklifts are economically beneficial at high workloads compared to 
conventional battery-swapping forklifts (Renquist et al. 2012). For lower workloads, the 
conventional charging is expensive. Fuel cell forklifts are economically beneficial for larger 
facilities. Table 1-2 further summarizes the list of tools associated to different application of 
renewable energy. 
 
Table 1-2 Summary of Tools Used in the Choice of Fuel Cell Technology. 
Authors Methods Applications 
Eppstein et al. (2011) Agent-based model  PHEV 
Keles et al. (2008) Agent-based model  Fuel cell vehicles 
Mueller and de Haan (2009) Agent-based microsimulation and 
multinomial logit model 
Passenger cars 
Shafiei et al. (2012) Agent-based model  Electric vehicles 
Brownstone et al. (2000) Multinomial logit and mixed logit 
models 
Alternative-fuel vehicles 
Batley et al. (2004) Mixed logit model Alternative-fuel vehicles 
Rudolph (2016) Mixed logit model Zero emission vehicles (ZEV) 
Ito et al. (2013) Multinomial logit model and Nested 
multinomial logit model 
Infrastructure investments for 
alternative fuel vehicles 
 
      Larriba and his team evaluated fuel cell forklift from a technical and economical perspective 
(Larriba et al. 2013). They compared a fuel cell forklift with an equivalent battery forklift. The 
results show that the bigger the fleet, the more profitable the investment, with NPV of more than 
$450,000 and IRR over 30% for mid-sized fleets (35 vehicles or more), reaching the $1,900,000 
NPV and 38.5% IRR for larger fleets (160 vehicles). The vehicles’ intensity of use was an 
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important parameter obtained from the sensitivity analysis. When the fleet operated for one or 
two working shifts per day, both NPV and IRR showed financially unattractive results. To 
complete the sensitivity analysis, the parameters were examined under extreme conditions to 
check the worst and best cases. The results show that for the worst values, NPV falls as low as -
$790,000, while the best parameter values improve the NPV up to $2.6 million. 
 
      Kurtz et al. reported that fuel cell BuP systems can compete with battery and diesel 
generators (Kurtz et al. 2014a).  Fuel cells’ cost advantages increase as the power-outage 
duration increases. Fuel cell BuP systems have the benefits of longer run time, reduced 
maintenance and noise, and zero emissions (U.S. Department of Energy 2014). Also,  fuel cell 
BuP systems require less maintenance (Kurtz et al. 2014a). Liang et al. concluded that a fuel cell 
is a promising alternative to a BuP system when used as a BuP for telecom sites (Liang et al. 
2013). It has advantages over traditional storage battery in terms of emission, efficiency, and 
environmental suitability (Liang et al. 2013). 
 
      Wei et al. estimated total ownership cost for low-temperature PEM fuel cells in combined 
heat and power and BuP applications. Credits were considered for the following: global warming 
gases such as carbon dioxide (CO2) and methane (CH4), reductions in environmental and health 
externalities, and end-of-life recycling (Wei and McKone 2013b). The development of high-
throughput automated processes achieving high yield is estimated to push the direct 
manufacturing cost per kWe for the fuel cell stack to nearly $200/kWe at high production 
volumes. System costs, including corporate markups and installation cost, are about $1100/kWe 
for 10 kWe BuP systems at 50,000 systems per year. Material costs dominate the fuel cell’s stack 
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cost in high-volume manufacturing. Based on stack costs, BoP costs (including the fuel 
processor) were found to dominate the system’s direct costs for CHP systems and are thus a key 
area for further cost reduction. At low power, the fuel processing subsystem is the largest 
contributor to non-stack costs. However, at high power, the electrical power subsystem is the 
largest cost contributor. 
 
1.3.2.1 Operation Cost 
      The costs required for running equipment are included in operation cost, which may include 
costs for fuel or electricity, maintenance, fuel storage, and space. Fuel cell BuP’s operating cost 
can vary based on location, design, and run time. According to the NREL analysis, the estimated 
annual maintenance cost is $100/yr for a fuel cell system (Kurtz et al. 2014a). This cost is higher 
for a diesel generator, which costs $300 to $400 for a battery BuP system. Other costs are 
explained in detail in chapter 1.4.   
 
1.3.2.2 Life-Cycle Cost Analysis 
      Life-cycle cost analysis (LCCA) is a method for assessing the total cost of owning equipment 
or a facility. Handley et al. assessed a PEMFC car’s end-of-life (Handley et al. 2002). The 
optimum strategy requires dismantling the stack and separating the major components. Steel and 
aluminum parts are recycled through the general recycling stream, but the MEAs and BPPs 
require a specialized recycling process. One option is to shred the MEA, dissolve and recover the 
membrane, burn off the carbon, and recycle the platinum using solvent extraction. Martin Pehnt 
studied the life-cycle assessment of PEMFC stacks for the automotive application (Pehnt 2001). 
The production of fuel cell stacks leads to environmental impacts caused mainly by the platinum 
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catalyst and the plates. Jeong et al.’s study of a fuel cell hybrid vehicle’s life-cycle cost is largely 
affected by the fuel cell size, fuel cell cost, and hydrogen cost (Jeong and Oh 2002). 
 
      Life-cycle impact assessment aims at understanding and quantifying the magnitude and 
significance of the potential environmental impacts of a product throughout its life-cycle. LCIA 
was conducted for small hotels and hospitals (Scataglini et al. 2015). The total cost of ownership 
(TCO) for CHP systems is dependent on several factors such as the cost of natural gas, utility 
tariff structure, amount of waste heat use, carbon intensity of displaced electricity and 
conventional heating, carbon price, and valuation of health and environmental externalities. 
 
1.3.3 Productivity Parameters 
The three critical parameters - Learning-by-doing, scale, and technology can affect a system’s 
cost. Staffell and Green estimated learning rates for Japan’s domestic PEMFC systems (Staffell 
and Green 2009). Sensitivity to key assumptions was included to produce a range of learning 
rates. The data were collected from PEMFCs installed in Japanese homes between 2004 and 
2008. Based on the data, they estimated that cost reduction of between 19.1% and 21.4% were 
achieved for each doubling of production, implying progress ratios of 0.79 to 0.81. According to 
Anandarajah et al., reducing the fuel cell technology’s cost results from learning-by-doing, a 
widely used concept in the economics of innovation, in which learning about a particular 
technology, and cost reduction, is related to cumulative investments in that technology 
(Anandarajah et al. 2013). 
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      Neij recommended a progress ratios of 0.75 to 0.85 be used to project fuel cell technologies’ 
future costs (Neij 2008). The experience of Germany’s DMFC manufacturer is characterized by 
somewhat slower rates of technological progress and learning-by-doing with a rate of 
technological progress of 6% per year, a progress ratio of 0.85, and a scale elasticity of -0.2. 
Niakolas et al. identified some of the main objectives that need to be achieved by 2020 to deploy 
fuel cells in a low-carbon economy during the period up to 2050 (Niakolas et al. 2016). Fuel cell 
systems’ production costs should be reduced by a factor of 10 in automotive applications through 
technological progress and scale effects while increasing lifetime by a factor of 2. 
 
1.3.4 Policy Study 
      Pade et al. analyzed a fuel cell-based micro-CHP’s economic value under different policies 
(Pade and Schröder 2013). For Denmark, where the electricity production from the fuel cell does 
not exceed the household’s electricity consumption, it would be promising to assume the support 
through net metering. Compared to Denmark, the relatively low electricity price in France 
decreases the attractiveness of net metering. 
 
       Studies of government subsidies’ impacts on stationary fuel cell are limited. Mintz et al. 
studied ARRA’s impact on stationary fuel cell BuP and MHE (Mintz et al. 2013). ARRA-funded 
fuel cell BuP deployments created approximately $142 million in economic output between 
2009–2012, while fuel cell MHE created $57 million in economic output. 
 
      Jeon et al. proposed a method of optimizing financial subsidies, public research, and 
development investments for renewable energy technologies (Jeon et al. 2015). They examined 
dynamic complex interactions among investors, consumers, and policymakers, as well as future 
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uncertainties of key energy, economic, and environmental factors to make subsidy optimization 
more accurate and flexible. This model was validated by applying to the Korean photovoltaic 
market. Kim and Lee combined cost modeling, option valuation, and consumer choice to 
simulate the performance of such programs such as Feed-in Tariff (FIT) (Kim and Lee 2012). 
They presented a stochastic model for evaluation and optimization of FIT policies. The optimal 
policy depends on the policy objective, the method of burden sharing, and the forecasts of the 
electricity prices. 
 
      MESSAGE was the first model that incorporated endogenous technological learning into 
energy systems (Messner 1997). Similarly, GENIE  model used learning curves as a measure of 
technological change for electrical technology (Mattson 1997). MARKAL model includes 
learning-by-doing, exogeneous technology change, and the model is based on a fixed demand 
framework (Nordhaus and Boyer 2000). The model does not consider people’s choice of 
technology instead people always choose the low-cost technology. Thus, the model does not 
represent a demand equation. The model is applied to all energy technology. This study measures 
consumers’ demand using discrete choice models which consider the effect of learning, scale, 
and technological progress. The model is applied to a specific technology and the policy with 
respect to the specific technology. Integrated assessment models (IAMs) are an important tool to 
study human feedbacks and influences on climate change and mitigation of greenhouse gases 
(Schwanitz 2013). Different models are integrated with each other such as a climate model, a 
land-use model, an energy model, and a model describing economic growth. Policy-makers use 
the results from IAMs for informing the global public. 
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      Gnann et al. developed a market diffusion model of plug-in electric vehicles (PEVs) in the 
German market until 2020 under different policy scenarios (Gnann et al. 2015). They compared 
PEVs with gasoline vehicles, diesel vehicles, plug-in hybrid electric vehicles (PHEVs), range-
extended electric vehicles (REEVs), and battery electric vehicles (BEVs). They used consumer 
choice and agent-based models to model PEV market diffusion. The results reveal great 
uncertainty in PEVs’ market evolution due to external conditions and higher prices. The future 
share of PEVs passenger cars could range from 0.4% to almost 3% by 2020. Similarly, 25% 
increase in fuel prices would double the number of PEVs by 2020. A subsidy of 1000 Euro was 
found as the most effective and efficient policy. 
 
      Haan et al. simulated Switzerland’s car market to forecast the effects of such subsidies as 
feebate systems on very fuel-efficient (A) to highly inefficient (G) cars (de Haan et al. 2009). 
They used an agent-based microsimulation approach to predict feebates’ environmental and 
market effects. Incentives of €2,000 for A-labeled cars result in a reduced CO2 emission rate 
between 3.4% and 4.3%, with CO2 abatement costs between €6 and €13 per ton. 
 
      Mansouri and Calay studied policies for commercializing the fuel cell MHE market in 
Europe (Mansouri and Calay 2012).  Current EU-funded demonstration projects, together with 
the EU commitment to support fuel cell MHE, could help the technology’s commercialization. 
However, programs similar to those in the U.S. are required to bring fuel cell forklifts to a 
commercial stage and to develop the hydrogen infrastructure. ARRA funding had a significant 
impact on the fuel cell MHE deployed in the U.S.  
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      Keles et al. studied several of the FCV market’s attributes such as consumers, automotive 
manufacturers, filling station owners, and policymakers as well as their interactions in Germany 
(Keles et al. 2008). They found that subsidies and tax allowances for the FCVs are critical to 
reducing the FCVs’ cost. According to the analysis, government support is recommended to 
support installing enough hydrogen stations at the beginning of the market introduction. 
Pellegrino et al. analyzed different programs’ impact on fuel cell micro-CHP systems for 
European residential sectors (Pellegrino et al. 2015). Subsidies such as net metering seem to be 
the most appropriate policy to guarantee a realistic system cost. Net metering support results in 
generating of ~13 c€/kWh for the micro-CHP system, which is much lower than the average 
electricity price of ~25 c€/kWh. 
 
      Eppstein et al. employed an agent-based vehicle consumer choice model to determine 
sensitivities and nonlinear interactions among various potential influences on PHEV market 
penetration (Eppstein et al. 2011). They found that PHEV market penetration could be increased 
by providing consumers with estimates of vehicles’ expected lifetime fuel costs (as stated on 
vehicle stickers). The federal incentive programs, such as the $2,500–$7,500 PHEV tax credit, 
are not likely to have lasting effects on the fleet’s long-term fuel efficiency, unless manufacturers 
can lower sticker prices after the rebates are discontinued. 
 
      Contestabile is working on developing PEMFC vehicles in Europe (Contestabile 2006). 
Despite PEMFC vehicles having the potential to reduce road transport’s environmental impact 
and to improve efficiency, both technical and economic barriers must be overcome for mass 
production. Contestabile used a dynamic simulation model that addresses main feedback loops 
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influencing the PEMFCs’ fuel cells market European automotive applications, with an emphasis  
on modeling cumulative production’s and R&D’s effects on technology attributes. The PEMFC 
technology may improve as a consequence of experience acquired through cumulative 
production and by means of R&D activities. In addition, as the refueling infrastructure grows, 
hydrogen fuel’s production rate also increases, thus generating economies of scale. The 
economies of scale will have a positive impact on fuel cost and ultimately vehicles. Several 
possible policies can affect PEMFC vehicles’ market penetration.  Those policies include 
creating zero-emission vehicle zones and taxing fuels to reflect their life-cycle’s carbon 
emissions. 
 
      Benthem et al. developed a model based on learning-by-doing and environmental market 
failures to examine the economically efficient level of subsidies for the solar photovoltaic market 
in California (Van Benthem et al. 2008). They found that maximizing net social benefits imply a 
solar subsidy similar to that of the California Solar Initiative. 
  
1.3.5 Technological Choice  
      Small and Rosen illustrated how conventional methods of applied welfare could be modified 
to handle the discrete set of choices in evaluating government programs’ impact on consumer 
welfare (Rosen and Small 1979). David L. Greene developed a model for predicting the choice 
of alternative fuel and among alternative vehicle technologies for light-duty motor vehicles 
(Greene 2001). He used the nested multinomial logit (NML) mathematical framework.  
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      Agent-based models have been used to model the market diffusion of plug-in hybrid electric, 
electric, and fuel cell vehicles (Eppstein et al. 2011; Keles et al. 2008; Mueller and de Haan 
2009; Shafiei et al. 2012). Such models allow inclusion of such consumer behavior as the 
following: individual purchase preferences (e.g., fuel availability, fuel costs, vehicle costs, 
refueling time, range, risk aversion to new technology, incentives, and efficiency) and individual 
driving behavior. Logit models were also used to evaluate the consumers’ behavior in adapting 
to AFVs (Batley et al. 2004; Brownstone et al. 2000; Ito et al. 2013; Rudolph 2016). Cervero et 
al. examined a car share program in the San Francisco Bay area (Cervero et al. 2007). Based on a 
variety of socioeconomic information and trip characteristics, they used a multinomial logit 
model for predicting the choice of modes: walking, biking, using an automobile, car sharing, and 
using mass transit.  
 
1.3.6 Disposal 
      Unlike batteries, fuel cells do not pose disposal issues. Handley et al.’s end-of-life study for 
the PEMFC suggested to recycle a relatively heavy BPP, even though energy recovery by 
incineration may be less expensive and more environmentally friendly (Handley et al. 2002). 
Bipolar plates, platinum electrocatalysts, membrane and ancillary components could be recycled. 
Handley et al. recommended dismantling the stack by removing the casing.  The BPPs would 
enter a fluidized bed treatment process to extract the carbon filler and carbon fibres, potentially 
for re-use in new BPPs. Since the MEA is valuable, it must be shredded into small pieces to 
facilitate its dissolution. Removing the membrane is an energy-intensive process. More than 99% 
of the platinum and ruthenium can be recovered. All of the recovered metal will probably be 
required for manufacturing new MEAs. 
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1.3.7 Forecasting 
            Mayer et al. developed a two-factor experience curve approach to facilitate generating the 
most meaningful cost forecasts for fuel cell components (Mayer et al. 2012). The model 
performance was demonstrated using alternative drive components, the PEMFC stack, a high-
energy lithium-ion battery, and a high-power lithium-ion battery. Comparing estimated forecast 
values using this model with the industry targets determined by McKinsey shows that these goals 
for the fuel cell stack can be reached if the product volume increases rapidly. Staffell et al. 
estimated non-automotive fuel cell systems’ cost (Staffell and Green 2009). They reported that 
the price is 25-50 times higher than the targets set by the US DOE. Their study explored the void 
between academic projections and commercial reality based on reviewing cost data from 
manufacturers in Europe, Asia, and the U.S., along with near-term projections from 
manufacturers and other relevant organizations. They showed that a long-term target of $3,000-
5,000 for 1-2 kW systems is more realistic and could be attained by 2020 at the current progress 
rate. 
 
1.4 CASRE Model Formulation 
1.4.1 Key Concepts and Definition 
      The CASRE model provides industries with a framework to forecast market demand and 
sales based on government incentives. The CASRE model formulation is explained in the 
following sections.  
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1.4.1.1 Diffusion 
     Diffusion of innovation is a concept that explains the rate at which new technology is 
accepted. If the innovation has a compelling private benefit, diffusion becomes faster (Rogers 
1962). Adoption rate varies according to the type of technology. The rate of diffusion is 
explained with the S-shaped curve (Figure 1-4). The different phases of the S-shaped curve are 
innovators, early adopters, early majority, late majority, and laggards. The market share reaches 
the saturation level or 100% at a slow pace. There are multiple external factors associated with 
the slow rise: technological illiteracy, unavailability of fuel, reliability and other political issues 
acting as an obstacle to improving technology. 
 
 
Figure 1-4 S-shaped Diffusion Curve (Rogers 2003). 
 
     Diffusion rates at times have been incorrectly estimated. This is primarily due to diffusion 
models which only use physical resources to measure the market share level. However, the 
CASRE model uses key concepts such as Learning-by-doing (L), scale economy (S), 
technological progress (T), and the ITC to accurately find the diffusion rate. 
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1.4.1.2  Life Cycle Costs 
      The life-cycle costs are defined as the costs of manufacturing components including 
materials, assembly, operation, and the disposal. Manufacturing cost can be determined by 
adding the costs of all resources consumed while making a product. This includes capital costs 
such as material cost, labor cost, and other overhead costs such as utility cost, rent, insurance, 
and others. The cost of raw materials that are part of the finished product is referred as material 
cost. Raw materials go through different operations before it is assembled. The material cost is 
again comprised of direct materials and indirect materials. Direct materials are the raw materials 
that become part of the product such as steel, aluminum, rubber, glass. Indirect materials are 
manufacturing overhead such as tools, cleaning supplies, fittings and fasteners. The costs for 
operating an equipment is defined as operating costs such as energy cost, space cost, and 
maintenance cost. The fee associated with disposal of equipment at the end of its lifetime is 
known as disposal cost. The life-cycle cost is an important tool in evaluating the economic 
benefit of a technology. 
 
1.4.1.3 Productivity Parameters 
Learning-by-doing 
      Learning-by-doing reduces the cost of technologies as the level of cumulative production 
increases. A learning curve or an experience curve expresses the reduction in the cost of 
technology as production doubles (Figure 1-5). The concept of learning curves assumes that the 
progress in the past will continue into the future. The learning rate (lr) is calculated from the 
historical data using technology cost vs. cumulative production and is measured by progress 
ratios. The slope of the technology cost versuses cumulative production gives the learning rate 
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Figure 1-5 Double-logarithmic Representation of Learning Curve for New Technology (1, 
250 kW SOFC systems) in a Double-logarithmic Plot (Little 2001). 
 
(Rivera-Tinoco et al. 2012). According to Clarke et al., the more that a worker or an organization 
repeats a job, the more efficient an organization becomes at that task (Clarke et al. 2006). As an 
example, the 10% reduction in the cost of technology for doubling of production is referred to as 
the progress ratio of 0.9. Arthur D. Little, Inc. determined the learning rate for Solid Oxide Fuel 
Cell (SOFC) technology for two different sizes from the plot in Figure 1-5 (Little 2001). The 
cost and sales data were utilized in a log-log plot to estimate the learning rate. The learning rate 
was estimated as 17% and 19% from the modeled data which implies to progress ratios (1- lr) of 
0.83 and 0.81. Wene described the curve by the mathematical equation (Wene 2000). 
 
                                                                   Pt = P0 X
-E                                                                   (4) 
 Where Pt is the price at year t 
             P0 is the initial cost 
             X is the cumulative production or sales and 
             E is the experience parameter 
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      By repeating the jobs, work becomes more efficient over time. In 1936, an aeronautical 
engineer T.P. Wright published a paper on “Factors affecting the cost of airplanes” where he 
mentioned the relationship between cost and quantity (Wright 1936).  He found that the cost of 
making airplanes declined with increasing experience. Historically, the costs of new technologies 
have declined rapidly with the experience measured by cumulative production (McDonald and 
Schrattenholzer 2002; Schoots et al. 2010).   Figure 1-6 represents the estimates of learning rate 
of electricity generation technologies. These estimates are for different time spans varying from 
around 1.4% to over 35%.  It is observed that for most of the technologies, learning rates appear 
higher in earlier stages. The learning rate of 1.4% implies that there is a 1.4% reduction in cost 
for doubling of production. Similarly, the learning rate of 35% implies that there is a 35% 
reduction in cost for doubling of production. For a mature technology, the learning rate is small. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-6 Learning Rates in Electricity Production Technologies (Köhler et al. 2006). 
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Scale Economies 
      The cost of technology can be reduced by scale economies, i.e. increasing the volume of 
production or increasing the scale of production. Scale elasticities, a metric for scale economies, 
represent the percent reduction in cost for a 1% increment in annual production volume. If, for 
example, a 1% increase in production volume reduces the cost of technology by 0.3%, the scale 
elasticity of this technology is -0.3. Greene and Duleep used a scale elasticity of -0.2 to estimate 
the future costs of PEMFC stacks (Greene and Duleep 2008). Datta and Christoffersen used scale 
elasticity to estimate the production cost of U.S. textile industries (Datta and Christoffersen 
2005). They found the scale elasticity to be -0.21 between 1998-2001. Table 1-3 represents the 
scale elasticity of components of cane-sugar manufacturing equipment. 
 
Table 1-3 Scale Elasticity of Major Units of Cane-Sugar Manufacturing Equipment. 
Product Scale elasticity 
Roller Mills 0.797 
Steam turbine mills 0.236 
Vacuum pan 0.711 
Boiler 0.651 
Molasses tank 0.829 
  
Technological Progress 
      Technological progress further reduces cost due to process innovation and product 
innovation supported by research and development (R & D). Some of the factors that contribute 
to technical progress are saving in labor, capital, and material. The improvement of technology 
over time exhibits exponential behavior and is correlated with the product diffusion curve. The 
supporting example in Figure 1-7 shows the technological progress of digital camera between 
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1987-2007 (Woo and Magee 2017). The technological progress is expressed as a percentage, 
estimated using regression analysis of the technology curve. Technology progress has resulted in 
annual cost reductions, averaging 2.4% per year for textiles (Datta and Christoffersen 2005). The 
rate of technological progress for commonly used technologies is given in Table 1-4.  
 
 
Figure 1-7 Diffusion and Technological Progress (Log) Over Time (Woo and Magee 2017). 
 
             
Table 1-4 Technological Progress of Different Products (Woo and Magee 2017). 
Product  Data range Improvement rate (%) 
Automobile  1896-1971 5.09 
Refrigerator 1881-1993 2.93 
Videotape Recorder  1952-2004 23.76 
Personal Computer 1972-2006 36.33 
Mobile Phone  1946-2009 25.99 
CD Player 1981-2004 27.15 
Digital Camera  1987-2008 15.56 
CT Scan 1971-2006 36.72 
MRI 1980-1993 15.81 
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1.4.2 Structure of CASRE Model 
      The CASRE model is divided into four phases as shown in Figure 1-8: 
• Phase 1 – Cost structure development 
• Phase 2 – Impact of productivity parameters on cost 
• Phase 3 – Customer’s choice determination 
• Phase 4 – Sales prediction 
 
1.4.2.1 Phase 1 
Phase 1 of the CASRE model begins with the development of a cost structure. The inputs for this 
phase are capital costs (materials, manufacturing/assembly cost), operation costs, and disposal 
costs. These costs are added to obtain the life-cycle cost which is then annualized using the 
lifetime and discount rate. The annualized life-cycle costs are used in the next phase along with 
the productivity parameters. This is explained in more detail below: 
 
• All costs associated with raw materials is referred as material cost (P1).  
• Manufacturing cost (P2) includes capital costs such as material cost, labor cost, and other 
overhead costs such as utility cost, rent, insurance, and others.  
• The cost associated with the assembly of different parts is called assembly cost (P3).  
• The cost needed for running equipment called operation and maintenance cost. Some of 
these are energy cost (P4), labor cost (P5), maintenance cost (P6), and space cost (P7).  
• Every equipment has a specific lifetime after which it needs to be disposed of. The fee 
associated with disposal of the material is known as disposal cost maintenance cost (P8).  
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Figure 1-8 CASRE Model for Market Prediction of New Technology. 
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The total life cycle cost is represented by Pt. 
 
  Total Life Cycle Cost (Pt) = Pi                                                           (5) 
 
        Where Pi = P1 + P2 + P3 + P4 + P5 + P6 + P7 + P8 
             P1 is the cost of materials  
      P2 is the cost of manufacturing  
      P3 is the cost of assembly of a final product 
      P4 is energy cost 
                       P5 is labor cost 
                       P6 is maintenance cost 
                       P7 is space cost 
            P8 is disposal cost 
 
EAC is used to compare the cost of various assets that have a different lifetime. Capital costs are 
translated into annual costs using expected lifetimes of equipment, the discount rate, and 
dividing by an annuity factor. EAC is expressed as (Fish, 1923), 
 
                                                         A =                                                                         (6) 
Where r = Discount rate 
             L = Lifetime 
             A = annuity factor 
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                                            Ann. Cost =                                                                       (7) 
       
EACs are also affected by policies which influence the capital and operating costs, either directly 
through incentives or indirectly through government purchases or induced sales. EAC is 
multiplied by the cost impacting parameters to determine the current and future annualized 
costs.The total sale is predicted from the expected sales for each application and the market share 
which are described in the next section. 
 
1.4.2.2 Phase 2 
      In Phase 2, the impact of productivity parameters are analyzed. The variation of these 
parameters has effects on life-cycle costs that are technology-specific. Productivity parameters: 
learning-by-doing, scale economics, and technological progress are calculated using historical 
cost and sales data.  
      Learning-by-doing relates the cost of the technology to the cumulative production. It 
describes how the costs decline as a result of cumulative production. Learning-by-doing is 
defined as the capability of engineers to improve the productivity through repeated action and 
minor improvements. As an example, throughput can be increased in a manufacturing facility by 
learning how to use the equipment in a better way and some improvements in the production 
process without increasing the investments. The learning curves can be applied to a large range 
of technologies and provide company leadership with a tool for public policy decisions. Wene 
showed that learning exponent or the experience parameter can be expressed as (Wene 2000), 
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                                          E =                                                                        (8) 
Where, E = Learning exponent 
 
Learning-by-doing can be expressed in terms of mathematical equation (Ying 1967),          
                            
                                   Learning-by-doing effect (Lt) =                                                        (9) 
 
Where Qt is a cumulative production at time t  
          Qo is the production in the first batch.   
 
      The impact of Learning-by-doing on the annualized cost is estimated. The cost, along with 
the incentives and market share, is used to predict the total sale. The effects of L on the costs is 
the annualized cost multiplied by the learning effect as expressed below 
 
                                         Cost impacted by L (CL) = Pt x L                                            
                                                                                = Pt                                                     (10) 
       
      Chen and Khanna (2012) and Hettinga et al. (2009) showed that learning-by-doing measured 
by cumulative production reduces the costs of biofuel significantly (Chen et al. 2012; Hettinga et 
al. 2009). Hettinga et al. (2009) found a progress ratio of 0.87. Chen and Khanna found a 
progress ratio of 0.75 over the period 1983–2005. Policies can contribute to learning-by-doing 
and reduce future costs of production by increasing cumulative production (Neij 1997; Taylor et 
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al. 2003). Neij (2008) recommended an experience curve with learning rates of 15% to 25% or 
progress ratios of 0.75 to 0.85 to project future costs of fuel cell technologies.  
      Sales estimates are used to calculate the scale economies. Scale economies are important 
economic phenomena represented by scale parameter. The cost of production is equal to some 
constant times the quantity produced and divided by the reference volume of production 
corresponding to the economical production volume raised to scale. It is expressed as (Hanoch 
1975), 
                            (11) 
 
Where k = Constant 
            = Scale parameter 
           = Quantity produced at time t 
           V* = Reference volume of production 
 
      Scale economies are assumed to cease if the manufacturer exceeds a “full scale” production 
volume (V ≥ ), where . Otherwise, the scale effect is equal to the output ratio raised to a 
constant elasticity of scale parameter, η. Low values of  are preferred so that the capital cost of 
the system does not increase proportionally with capacity increases. Impact of scale on cost is 
given by, 
Pt x St 
                                                                       = Pt                                                               (12) 
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      Technological progress (T) yields greater output by doing the work in an innovative way, and 
using new techniques. Scientists around the world are working in research and development 
(R&D) and are more likely for discovery and development of a new product that can help 
advance the technology. It is determined by the user specified prices and other attributes which 
are exogenous to the model. The effect of technology is finally used to predict the sale of the 
systems.  
Technological progress can be expressed mathematically as (Greene et al., 2011), 
 
            (13) 
 
Where = Technological effect for previous year 
     σ = Rate of technological progress 
The effects of T on the costs is the annualized cost multiplied by technological effect as given 
below. 
                                      Cost impacted by T (CT) = Pt x Tt                                                     (14) 
 
      The cause for increase technological progress is an increase in R&D investment by a firm. 
The fuel cell technology in Japanese is consistent with a rate of 8% technological progress per 
year (Greene et al. 2011). The CASRE model takes into consideration of technological progress 
for the existing technologies to predict future cost. The technological progress can be calibrated 
by assuming certain percentage that can match the historical data.  
 
 
45 
 
1.4.2.2.1 Impact of Learning-by-doing, Scale Economies, and Technology Progress  
      Sales estimates are used to calculate the scale economies, learning-by-doing, and technology 
progress. The combined effect of model parameters as a single cost multiplier will affect 
production costs which ultimately affect the sale. We have three cost multipliers for each 
technology. 
 
                  Final cost (PT) = (Reference cost) *                            (15) 
 
The multiplicative formulation accounts for the statistical interdependence of the components in 
Equation 15. 
 
1.4.2.3 Phase 3 
In Phase 3, the reduced annualized cost is used to measure the consumer’s choice of technology. 
Consumer choice is influenced by annualized costs and by government incentives. Buying habits 
of consumers may change based on the incentives. Consumers choose a technology with the 
highest utility, which is a function of annualized cost. Utility is used in a logistic model to 
predict the current and future market share of the technology. 
 
      Utility is used to measure the satisfaction that a consumer obtains from any technology. 
When there is a set of several choices, an individual chooses a technology with a maximum 
utility. There are both observed and unobserved components in utility equation. The unobserved 
components are included in the error term, εij. The annualized costs are influenced by policies 
which affect the cost of a system either through incentives or government purchases. This will 
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impact the choices among competing technologies. This results in lower cost which increases the 
utility in the choice model and the market share described in the next section.  
 
      The technology choice submodel predicts the probability of market share for each 
application. Market share depends on the generalized costs of the system and its competitors. 
Generalized cost, G includes EAC plus any other factors that can be converted into an equivalent 
dollar value. Ai represents less tangible attributes, such as better environmental performance. The 
utility equation represents the utility of alternative i to potential customer j. It is based on the 
choice equation of residential location developed by McFadden in 1978 (McFadden 1978). A 
consumer will choose a technology by weighing the attributes of each available alternative that 
maximizes utility. 
 
                                       Utilities (Uij) = Ai + B(PT) + εij                                                      (16) 
 
where Ai is less tangible attributes such as better environmental performance 
           B is the price sensitivity coefficient 
           PT is the EAC of a system            
           εij is an error term (location of the fueling station, availability of fuel, awareness of   
           technology) 
  
      Multinomial logit (MNL) choice models are used to estimate the probability of market share 
as a function of generalized cost and their competition. It depends on the utility of each 
alternative. Let’s assume a new technology 1 competing against technologies 2 and 3. If the 
distribution of individual specific terms, εij, follows an extreme value probability density 
47 
 
function, then the probability, si that an individual will choose technology 1 over technologies 2 
and 3 is given by (McFadden 1978), 
                                                                       (17) 
 
Where Ui is the utility equation of application 1 
Uk is the utility equation of application 2 
 
                               (18) 
 
Price elasticity is, 
 η =    =  +  
 
                        = B   = B   
 
                                                               B =  
 
                                           i.e., Price sensitivity =                                  (19) 
 
      The consumer’s  sensitivity to price changes is measured by the coefficient of price elasticity. 
The price elasticity of demand is measured as the sensitivity of the quantity demanded to 
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changes in the price. Price elasticity represents customer demand for the technology based on 
price. Some technology has a dramatic response to the price change if customers have options 
that easily replace the technology. This would cause, demand to decreases significantly when the 
price increases. The price elasticity of demand is defined below as (Anderson, 1997), 
 
                                     Price elasticity =                             (20) 
 
      Let’s consider an example. A company raised the price of one of its coats from $100 to $110. 
The price increase is $110-$100/$100 or 10%. Let’s assume that the increase in price caused a 
decrease in the quantity sold from 1,000 coats to 800 coats. The percentage decrease in demand 
is -20%. Plugging these numbers into equation 20, we get a price elasticity of demand of -2. 
Price elasticity of -2 implies a 10% increase in price would reduce market share by 20%. The 
higher the absolute value of price elasticity, the more sensitive the customers are to price 
changes. The range of price elasticity of demand for some products is shown in Table 1-5.  
 
Table 1-5 Few Estimated Price Elasticities of Demand of Few Products (Goodwin et al. 
2015). 
Products Price elasticity of demand 
Low range High range 
Cigarettes 0.4 (developed countries) 0.8 (developing countries) 
Gasoline 0.1 (short term) 0.3 (long term) 
Air travel 0.3 (first-class travelers) 1.4 (pleasure travelers) 
Eggs 0.1 (US) 0.6 (South Africa) 
Rice 0.3 (US) 0.8 (China) 
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Equation 20 can be written as 
                                                                                                                         (21) 
 
      Since B is constant, the price elasticity of choice increases with increasing cost, P, and 
decreases with increasing market share. This implies that price elasticities are higher in the early 
years when prices are high, and market share is very low. Sensitivity to changes in price will 
decrease over time if prices fall and market share increases. The size of the potential market is 
estimated from annual sales data. 
 
1.4.2.4 Phase 4 
      In Phase 4, the incentives required for the technology to survive are obtained. Incentives for a 
technology are provided based on its market share and market size. The potential size of the 
market, which indicates the total number of units that can be replaced by the new technology, is 
obtained from the market characterization submodel. Annual sales of the technology were 
predicted using the market share and expected annual sales. The predicted annual sales were 
repeatedly input into the model resulting in a change of productivity parameter values. Annual 
life-cycle costs, and all related values in the model are affected by this change. Thus, predicted 
costs and sales affect current and future incentive levels. The prediction can help policy makers 
plan incentives for the technology. 
 
      The Market Characterization estimates the expected annual sales of each market application. 
The total sale is predicted from these expected sales and the market share. Sales are computed by 
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multiplying the total annual market size ( from market characterization model by the logit 
probabilities ( , 
                                                         (22) 
Where Q is the market size 
si is the market share 
 
If be the number of sales through government procurement, eqn. 22 becomes, 
 
; i= 1, 2                                            (23) 
 
                      where X1 = sales through incentive 1 
                                  X2 = sales through incentive 2 
Finally, the fuel cell sales feedback to the cost model. 
 
1.4.2.5 Sensitivity Analysis 
      Finally, sensitivity analysis is performed to find the impact on output by varying the input 
variables such as on learning rates, scale economies, technology progress, costs and others. The 
CASRE model predicts the future prices and sales which depend on productivity parameters, 
costs, and incentives. These variables, in turn, rely on the assumption of different values. 
Sensitivity analysis helps to determine which parameters or assumptions have the most effect on 
the prediction of future costs and sales. Sensitivity analysis thus allows policy makers to 
anticipate a range of possible outcomes by changing these parameters. 
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1.5 Case Study: Fuel Cell Industry 
      We used the non-automotive fuel cell industry for the BuP and MHE applications as a case 
study. This chapter discusses the status of the fuel cell industry in the US, data collection and 
assumptions used in the model. Data utilized in the model was collected from several sources, 
such as published articles, financial reports, surveys, newsletters, interviews, and internet 
documents. In addition, annual reports of public companies and other published materials were 
used to gather information. 
 
1.5.1 Non-automotive Fuel Cell Industry in the U.S. 
      North American firms have been manufacturing fuel cell BuP and MHE for more than a 
decade for demonstration projects and commercial sales. Fuel cell firms have decreased due to 
mergers and acquisitions. Ballard Power Systems acquired IdaTech in 2012, a major 
manufacturer of BuP units. Plug Power acquired Relion in 2014, another manufacturer of BuP 
equipment. Hyster-Yale Materials Handling has recently acquired Nuvera, which focuses on the 
research and development of MHE. Table 1-6 shows a list of major fuel cell industries in North 
America.  
 
Table 1-6 Major North American Fuel Cell Industries in the Small Stationary Sector. 
Company Location Business sector 
Altergy USA Fuel cell stacks and BuP systems 
Ballard Canada Fuel cell stacks for stationary market and BuP power 
Plug Power USA Forklift truck and BuP systems 
Hyster-Yale Materials Handling USA CHP for residential use 
Fuel Cell Energy USA Large-scale CHP systems 
Oorja  USA Forklift trucks  
Doosan Fuel Cell America USA CHP systems 
       
52 
 
1.5.2 Production 
      The production of stationary fuel cells has dramatically increased in recent years (Figure 1-
9). The production of BuP led among all applications until 2013. However, fuel cell MHE led in 
2014 and 2015. The number of shipment of forklifts has substantially increased mainly due to 
ARRA-subsidized purchases. 
 
 
Figure 1-9 Estimated Annual Shipment of PEMFC for BuP and MHE. 
 
      Walmart is the largest customer of fuel cell MHE, deploying more than 2,800 forklifts in 
warehouses in different states (Curtin and Jennifer 2015). A food service product distributor, 
Sysco, has deployed more than 800 fuel cell-powered forklifts in various locations.  In 2009, the 
ARRA provided funds by subsidizing purchases of fuel cell BuP and MHE systems, to stimulate 
the economic growth of low-emission energy technologies. According to the DOE, the ARRA 
partially funded accounts for the sale of 524 MHE units and 824 BuP units (Devlin P and K. 
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2015; Devlin and Kiuru 2015; Greene and Upreti 2015). The contribution of ARRA- funded 
sales for fuel cell MHE was $9.7 million with industry cost share of $11.8 million. Similarly, the 
ARRA funded sales of BuP with $18.5 million including $30.8 million from industry. The DOE 
also has subsidized purchases of 83 BuP units and 189 MHE units. Thus, the total fuel cell 
subsidized by the DOE for BUP and MHE applications are 907 units and 713 units respectively. 
DOE funding had a significant impact on the growth of fuel cells. About 1,600 fuel cell units 
have been purchased through DOE funding, while more than eight times DOE purchases have 
been made without DOE support (Figure 1-10).  
 
 
Figure 1-10 Impact of DOE Funding on Fuel Cell Purchases. (Qi 2013) 
 
      About 5,568 BuP units and 8,340 MHE units have been deployed since 2009 without support 
from the DOE. The firms are benefitted directly or indirectly by sales from the ARRA 
deployments which availed firms to achieve higher production volumes (Greene and Upreti 
2015). The impacts of the ARRA purchases vary from firm to firm. ARRA purchases account for 
the majority of Plug Power’s material handling business. 
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1.5.3 Cost and Benefits 
      Several research papers have been published estimating the costs of fuel cell systems since 
the earlier study in 2011. This helped to improve the estimates of the model. Most of the data 
have been acquired from HD Systems, Kurtz et al. (2014a), Contini et al. (2013) and Ramsden 
(2013) (Duleep 2015; Kurtz J et al. 2014; Kurtz et al. 2014a; Ramsden 2013). In addition, annual 
reports of public companies, such as Ballard and Plug Power, and other published materials were 
used to gather information. Contini et al. (2013) reported a manufacturing cost analysis of a 10 
kW fuel cell MHE unit.  
 
      Other costs for manufacturing fuel cell unit consist of capital costs for stack manufacturing, 
assembly, and testing costs. Both the stack manufacturing and system assembly costs decline 
rapidly as the volume of production increases. The cost of MEA is a significant cost for the 
stack. MEA costs are more sensitive to scale. It is estimated that the greatest economies of scale 
are in the BoP. The majority of cost components for the BoP are the battery, storage tank, and 
DC/DC converter. According to Tsuchiya and Kobayashi, the BPPs account for about 40% of the 
total cost and 80% of the mass of the stack (Ramsden 2013). Whereas, Sinha and Yang estimated 
that the BPPs represent 28% of the total cost (Mintz et al. 2013). 
 
      Figure 1-11 shows the estimated cost of the main components of BoP for a 10 kW PEMFC 
MHE. It can be observed that all components of BoP are highly sensitive to scale economies 
except on-board hydrogen storage tanks. The “other” category in the figure includes humidifiers, 
hydrogen recirculation system, and hydrogen regulator, radiator, and blowers. Contini et al. 
suggested the hydrogen storage tank built from carbon fiber composite as an important target for 
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cost reduction. The industry has tried this new material, but the added weight of an all-steel tank 
helps counterbalance the weight of the payload. Contini et al. estimated the cost of steel tank 
decreases from $804 per tank at a volume of 100 units/year to $731 at 10,000 units/year versus 
carbon fiber of more than $2,500. 
 
 
Figure 1-11 Manufacturing Cost of BoP of 10 kW PEMFC MHE. (Greene et al. 2011)  
       
      The total system cost for a 10 kW fuel cell MHE system using an all-steel tank was estimated 
to be $34,733 at 100 units/year, $25,603 at 1000 units/year and reduces to $21,618 at 10,000 
units/year before markup. Contini et al. (2013) assumed a markup of 50% from manufacturing 
cost to retail price. 
 
      Other estimates of MHE include Renquist et al.’s estimation of $11,000 for the fuel cell 
power plant with a lifetime of 5 years (Upreti et al. 2012). Even though the rating of the power 
plant is not indicated, it is comparable to 50 kWh and 35 kWh of usable electricity, which is 
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most likely a class I forklift. They analyzed the cost and lifetime of forklifts operating in a 
manufacturing plant with a fleet of 50 forklifts. The cost and lifetime of the fuel cell forklifts and 
power plants were estimated through consultation with Raymond Corporation and Plug Power. 
They reported the price of a fuel cell system to be $35,000, not including the cost of a truck.        
  
      Larriba et al. reported the price of different classes of forklifts to be $30,000, $28,000, and 
$14,000 for a class I, II and III forklift trucks respectively, which excludes the price of a forklift 
truck (Larriba et al. 2013). They cited 2010 reports by Ballard Power Systems for the source of 
data. Ramsden, on the other hand, estimated the capital cost as $33,000 for class I and II forklifts 
and $15,000 for class III. They claimed significant labor savings from $4,400 for battery 
changing and charging to only $800 for hydrogen fueling. HD Systems (2015) reported costs of a 
hypothetical 5 kW MHE unit, which is estimated in the range of $15,000-$16,000 [HD Systems]. 
HD Systems also indicated that there are supplemental costs, such as for controller and power 
conditioning ($4,000 per unit), for high-power batteries ($2,000 per unit), and for a stainless steel 
storage tank ($1,000 per unit).  
 
      Ramsden (2013) determined costs for a larger 8-10 kW Class I or II forklifts and Class III 
forklift under 3 kW. A two-third Class III and one-third Classes I & II weighed an average of the 
two are expressed as a 5 kW system. In all markets, several products of differing sizes have been 
combined into representative 5 kW size units. Ramsden (2013) assessed data from firms 
operating more than 600 forklifts co-funded by the DOE and Defense Logistics Agency (DLA). 
HD Systems’ (2015) gathered information through interviews with manufacturers and published 
articles.   
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      The lifetime of fuel cell MHE and BUP is assumed to be 10 years to calculate annualized 
cost. The lifetime increases to 15 years by 2025. Batteries lifetime is set for 5 years where as the 
charger is set for 7.5 years for class I/II forklift and 5 years for class III forklift. The discount rate 
of 10% is assumed for both applications. Fuel cell contains a precious metal such as catalyst 
which can be recovered at the end of life of the fuel cell system. Thus, the cost incurred for 
disposing fuel cell systems is covered by the cost of metal recovered.  
 
1.5.4 Life-Cycle Cost  
      The supplier cost, cost for manufacturing, assembly fuel cell components and finally fuel cell 
unit is estimated. The manufacturing of a component requires the bill of materials (BOM). Fuel 
cell stack is the heart of fuel cell system that contributes to the major costs for fuel cell. The 
stack is manufactured by assembling framed MEAs with the bipolar plates (BPPs). The MEA is 
comprised of constituent layers of Gas Diffusion Layer Cathode, Gas Diffusion Layer Anode, 
and Catalyst Coated Membrane. GDL provides support to the MEA and protection of the catalyst 
layer from corrosion or erosion. Each stack is made of hundreds of active cells containing two 
bipolar plates in each cell. Bipolar plates (BPPs) are conductive plates in a fuel cell stack 
facilitating better temperature uniformity throughout the stack. They distribute fuel, gas, and air, 
conduct electrical current from cell to cell, remove heat from the active area, and prevent leakage 
of gases. The cost of manufacturing BPP is $725 and MEA is $2,964 for 1,000 units production 
of 10 kW fuel cell MHE system (Contini, 2013 presentation). There is a reduction in cost for 
MEA for an increase of scale but not for BPP. The total cost of manufacturing fuel cell stack is 
$3,974. The cost of BoP includes the cost of hydrogen tank including the costs for manufacturing 
humidifier and power system. The humidifier system consists of different materials such as  
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• Humidification pump 
• Air pump 
• Humidifier tank 
• Motor 
• Radiator 
 
Similarly, the power system is consists of following materials 
 
• Blower 
• Power converter 
• Regulator 
• Controller 
 
      The manufacturing of fuel cell system includes other costs such as costs for assembly, labor, 
operation, building, and material scrap. Operation cost here refers to the cost of utilities like 
electricity for producing products. In addition to manufacturing costs, other expenses associated 
with the operation of fuel cell systems include  
 
• Fuel cost 
• Space cost 
• Labor cost 
• Maintenance cost 
• Storage cost 
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      At the end of life of the equipment, the cost is required to dispose the system referred as 
disposal cost. The stack is dismantled, and major components are separated from the fuel cell 
unit. Steel, aluminum, and plastic parts undergo general recycling process where as MEA and 
BPP require a specialized recycling process (Handley et al. 2002). Precious metals like platinum 
are recovered from the catalyst which reduces the cost for disposal of fuel cell unit.  
 
1.5.5 Hydrogen Supply 
      Fuel cell forklift trucks use hydrogen delivered in gaseous or liquid form, and in some cases 
produced on-site using reformers. Similarly, fuel cell BuP equipment may use hydrogen 
delivered in cylinders or use reformers to produce hydrogen from methanol.  
 
1.5.6 Productivity Parameters 
      The scale elasticity is assumed to be -0.1 for a class I/II MHE, -0.15 for class III MHE and 
BuP. Scale economies are capped for an optimal production volume which is assumed to be 
3,000 units/ year for MHE, 5,000 units/year for domestic BuP, and 2,500 units/year for the 
export market of BuP. The rate of technological progress is assumed to be 3% for MHE and BUP 
while it's 2% for the fuel cell stack. The progress ratio for fuel cell MHE systems is set for 0.95 
which implies a 5% reduction in cost with each doubling of cumulative production. 
 
1.5.7 CASRE Model Analysis 
1.5.7.1 Cost Analysis  
      In this section, the data for Class I/II Fuel Cell MHE is analyzed to predict the market share 
and finally future cost and sales of fuel cell unit. Fuel cell MHE consists of major components-  
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fuel cell stack, BoP, controller, tank, and battery. The current manufacturing and assembly costs 
for major components are given below, 
 
• Fuel cell stack: $5,565 
• BoP: $4,904 
• Controller, tank, and battery: $6,743 
 
Other annual costs associated with the operation of class I/II fuel cell MHE are,  
 
• Hydrogen storage: $1,157 
• Fuel: $7,147 
• Refueling labor: $756 
• Warehouse: $500  
• Maintenance: $1,730 
 
      All the above costs are annualized using a discount rate of 10% and different lifetimes. The 
stack has a short lifetime of around 5 years, whereas other components have 10 years lifetime. 
The manufacturer charges additional 50% of the manufacturing cost on each fuel cell unit. The 
current life-cycle cost of class I/II fuel cell MHE is given by equation 5. 
Cost (Pt) = 0.5($5,565+ $4,904+ $6,743) + ($5,565+ $4,904+ $6,743) + $1,157 + $7,147 +     
                   $756 + $500 + $1,730 = $37,110 
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Class I/II fuel cell MHE competes with the battery BuP. The current life-cycle cost of a battery 
BuP is $11,000.  
 
Annuity factor, A for fuel cell stack is calculated by using equation 6, 
 
 A =  
                                            =   = 3.908 
 
Annual cost is calculated by dividing capital cost for stack by the annuity factor using equation 
7, 
      =  = $2,136 
 
Similarly, the annuity factor for BoP is, 
=   = 7.606 
The annualized cost is, 
=  = $967 
 
Annuity factor for controller, tank, and battery is similar to the BoP. The annualized cost is, 
 
=  = $1,330 
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      The total annualized cost with a 30% tax credit is estimated to be $12,370 for a class I/II fuel 
cell MHE.  
 
1.5.7.2 Effect of Learning-by-doing, Scale, and Technological Progress 
      The learning exponent or the experience parameter, E, is calculated using equation 8. 
Learning rate for a class I/II fuel cell MHE is assumed to be 0.95. E is estimated to be, 
 
                            E =  = -0.074 
 
Learning-by-doing can be calculated by equation 9,  
Lt =  = 0.727 
 
The scale elasticity for a class I/II fuel cell MHE is assumed to be -0.1. The scale can be 
calculated by equation 11,  
 St =   = 1.14 
 
      The rate of technological progress for a class I/II fuel cell MHE is assumed to be 3% per 
year. It is 0.694 for 2016. The combined effect of learning, scale, and technology is obtained 
using equation 15. As an example, the effect of three parameters on BoP cost is,   
 
Final cost = $17,000 (0.727 + 1.14 + 0.694) = $6,900 
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1.5.7.3 Technological Choice 
      The price elasticity of demand is assumed to be -2 which is the ratio of percentage change in  
quantity demanded to the percentage change in price as expressed in equation 20. The price 
sensitivity term, B is estimated from equation 19 which is  
 
 B =  = -0.0003 
 
      Term Ai in equation 16 represents less tangible attributes such as better environmental 
performance. It is a constant term and is used to calibrate the model to predict the historical sales 
correctly. The model predicted a calibration constant of 0.724. All unobserved quantities such as 
the distance of the location of fueling infrastructure are included in the error term. The 
percentage of market share is obtained by substituting the values of calibration constant, price of 
the system, and sensitivity coefficient into utility equation 16 and plugging into equation 17. The 
increase in government incentive will reduce the cost of the fuel cell so that the utility index 
increases which increases the market share. Several incentive scenarios are used in the model to 
predict the future market and are presented in more detail in the results section. The percentage 
of market share for the single shift of class I/II fuel cell MHE is given by, 
 
 
 
                    9.2% 
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1.5.7.4 Market Size 
      The 2008 report of Greene et al. estimated that the total market size of telecom towers in the 
U.S. is around 300,000 and is growing at a rate of 2% per year. The BuP systems are replaced 
every 15 to 20 years so that new systems are purchased at a rate of about 15,000 to 20,000 per 
year. The Industrial Truck Association reports that sales of class I and II forklift trucks are in the 
range of 60,000 to 65,000 units per year and class III forklift truck is in the range of 55,000 to 
60,000 per year. The target market is 30%, which is around 18,750 ± 750 for a class I and II and 
17,250 ± 750 units per year for class III (http://www.indtrk.org/market-intelligence).  
 
 
1.5.7.5 Market Prediction 
The number of sales is determined by multiplying the fuel cell share by market size as given by 
equation 25. Thus, the number of sales is, 
 (9.2%)(18,750) = 1,604 units 
       
      If the government purchases additional units, this can be added to above sales to get the final 
sale as given by equation 22. This is passed to the model parameters which recursively affect the 
future sales and cost. The model predicted the cost of the fuel cell unit to be $4,082 in 2017 
which is reduced to $2,630 in 2025. 
 
1.5.7.6 Sensitivity Analysis 
      Projections of future costs and performance that rely on learning rates, scale economies, 
technological progress and other factors are dependent on the values assumed for key 
parameters. Sensitivity analysis can quantify the influence of these assumptions on the prediction 
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of the model. The sensitivity analysis of sales of fuel cell gives an idea about if the technology 
for a specific application can sustain. If there is a sudden drop in sales and cannot recover for a 
few years, there is a mini crisis for the industry.  
 
 1.6 Conclusions 
      The reduction in the cost of a technology due to learning-by-doing, scale economy, and 
technological progress is modeled. The cost is further reduced due to subsidies from the 
government. The manufacturing costs of fuel cell systems have been estimated including 
operation costs. The discrete choice model is used to calculate the market share. The model is 
tested for various scenarios of incentives for predicting future market of the fuel cell. All the 
years from 2005-2016 are inputs to the model. The model predicts the impact of incentives on 
FC MHE and BuP from 2017-2025. Figures 1-12 to 1-13 represent the impact on fuel cell sales 
when ITC was eliminated in 2018. There is a slight decrease in sales for the class I/II fuel cell 
MHE but regains thereafter if the ITC is terminated in 2018 whereas, there is not much impact 
for the smaller class III MHE. However, there is a sharp reduction in sales for BuP. 
 
      The impact of a gradual phase-out of the ITC on fuel cell MHE is shown in Figures 1-14. A 
linear phase-out of the 30% credit to 25% in 2018, 20% in 2019 down to 0% in 2023 would have 
a much less impact on fuel cell MHE sales. whereas there is a sharp reduction in sales for fuel 
cell BuP. However, gradual phase-out seems to be less damaging to the industry than a sudden 
termination of the ITC. For class I/II MHE minimal decreases in sales are predicted. There is no 
impact for class III MHE, and the sales rise gradually. This suggests that government incentives 
are required at least for next few years to sustain BuP industry. 
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Figure 1-12 Estimated Sales of Fuel Cell MHE Between 2005 and 2025 Assuming 
Termination of ITC in 2018. 
 
 
 
Figure 1-13 Estimated Sales of Fuel Cell BuP Between 2005 and 2025 Assuming 
Termination of ITC in 2018. 
67 
 
      The impact of a gradual phase-out of the ITC on fuel cell MHE is shown in Figures 1-14. A 
linear phase-out of the 30% credit to 25% in 2018, 20% in 2019 down to 0% in 2023 would have 
a much less impact on fuel cell MHE sales. whereas there is a sharp reduction in sales for fuel 
cell BuP. However, gradual phase-out seems to be less damaging to the industry than a sudden 
termination of the ITC. For class I/II MHE minimal decreases in sales are predicted. There is no 
impact for class III MHE, and the sales rise gradually. This suggests that government incentives 
are required at least for next few years to sustain BuP industry. The impact of a gradual phase-
out of the ITC on fuel cell MHE is shown in Figures 1-15.  A linear phase-out of the ITC causes 
a sharp reduction in sales for fuel cell BuP. 
 
 
Figure 1-14 Estimated Sales of Fuel Cell MHE Between 2005 and 2025 Assuming Gradual 
Phase-out of the ITC from 2018. 
 
 
 
68 
 
 
Figure 1-15 Estimated Sales of Class III Fuel Cell BuP Between 2005 and 2025 Assuming 
Gradual Phase-out of the ITC from 2018. 
 
1.6.1 Sensitivity Analysis 
      The following parameters were varied systematically by assigning each parameter a 
triangular probability distribution with the upper and lower limits listed below. 
Parameters 
• Learning‐by‐doing progress ratios: 0.95 ± 0.02 
• Scale elasticities ‐0.10 ± 0.05 
• Rates of technological progress 3%/yr ± 1% 
 
Costs (Manufacturing and Operation Costs) 
• Component costs (stack, BoP, controller, tank, battery) ± 10% of original estimate 
• Rates of reduction in maintenance costs: 2%/yr ± 0.5% 
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• Operation costs ± 10% of original estimate 
 
Policy 
• ITC ± 20% 
 
Vary All Variables 
      The probability distributions were included in the simulations of fuel cells. The sensitivity to 
price was varied from a price elasticity between ‐2 and ‐3. The sensitivity analysis measured the 
impacts of above parameters on the annualized costs and estimated sales for fuel cell MHE and 
BuP technologies. Results are summarized in graphs and presented in Figures (1-16 to 1-32). The 
sensitivity analysis of estimated fuel cell costs and sales shows a huge range which implies an 
uncertainty about future market of fuel cells. Figures 1-16 to 1-32 represent the sensitivity 
analysis with all parameters varied and the ITC ends in 2018. Results are summarized by graphs 
showing a range of 50% and a 90% probability interval around the mean estimates for costs and 
sales. Figure 1-17 indicates that the EAC of fuel cell MHE (I/II) increases from 2017 to 2018 and 
then decreases with a range from $11,500 to $12,600 in 2025 for varying all variables. Figure 1-
18 indicates that the EAC of fuel cell MHE (III) ranges from $5,400 to $6,100 in 2025 for 
varying all variables at their respective extreme values. The EAC estimates include the effects of 
incentives, cost, and parameters. Figure 1-18 indicates that the fuel cell MHE (I/II) sales ranges 
from 1,700 to 6,500 in 2025. The model estimates relatively high level of uncertainty of future 
fuel cell MHE (I/II) market. Figure 1-19 illustrates that the fuel cell MHE (III) sales range from 
2,000 to 18,500 in 2025 for varying all variables. The model estimates the very high level of 
uncertainty of future fuel cell MHE (III) market. 
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Figure 1-16 Results of Sensitivity Analysis for EACs of Class I/II Fuel Cell MHE, Assuming 
All Variables Varied.     
 
 
 
Figure 1-17 Results of Sensitivity Analysis for EACs of Class III Fuel Cell MHE, Assuming 
All Variables Varied. 
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Figure 1-18 Results of Sensitivity Analysis for Sales of Class I/II Fuel Cell MHE, Assuming 
All Variables Varied. 
 
 
Figure 1-19 Results of Sensitivity Analysis for Sales of Class III Fuel Cell MHE, Assuming 
All Variables Varied. 
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      Tornado charts are used to represent the relative influence of the parameters on the 
equivalent annual costs and sales. The tornado chart of fuel cell MHE (I/II) indicates that costs 
are most sensitive to the rate of learning followed by the maintenance cost (Figure 1-20). The 
tornado chart shows that the higher the rate of learning the slower the learning is and the higher 
the cost of fuel cell system. The tornado chart in Figure 1-21 represents that the model’s 
estimates of future fuel cell MHE (I/II) sales are most sensitive to the maintenance costs of 
batteries and charger. 
 
 
Figure 1-20 Tornado Chart of Factors Affecting Fuel Cell MHE (I/II) Cost, 2018, Assuming 
All Variables Varied. 
 
 
73 
 
 
Figure 1-21 Tornado Chart of Factors Affecting Fuel Cell MHE (I/II) Sales, 2018, 
Assuming All Variables Varied. 
 
Vary Only Policy      
      Figures below illustrate the sensitivity analysis of estimated fuel cell costs and sales with 
only policy varied and the ITC is phased-out starting from 2018. Figures show that the 
uncertainty of fuel cell is smaller for later years if the only policy is varied to its extreme values. 
Figure 1-22 indicates that fuel cell domestic BuP cost decreases till 2021 and then starts 
increasing till 2023-2024 which then again decreases. Figure 1-23 indicates that the EAC of fuel 
cell MHE (I/II) decreases till 2021 and starts increasing when policy is varied. The EAC peaks in 
2023 and reaches a mean value of $12,350. The cost then decreases with a range between 
$11,900 to $12,050. Figure 1-24 illustrates that the fuel cell MHE (I/II) sales ranges from 2,325 
to 2,375 in 2025 for varying only policy variable. The model estimates relatively low level of 
uncertainty of future fuel cell MHE (I/II) market. The number of sales decreases from 2021 and 
recovers back to the original level in the next 3-4 years. 
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Figure 1-22 Results of Sensitivity Analysis for EACs of Fuel Cell Domestic BuP, Assuming 
Only Policy Varied. 
 
 
Figure 1-23 Results of Sensitivity Analysis for EACs of Fuel Cell MHE (I/II), Assuming 
Only Policy Varied.     
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Figure 1-24 Results of Sensitivity Analysis for Sales of Class I/II Fuel Cell MHE, Assuming 
Only Policy Varied. 
 
      The tornado chart in Figure 1-25 represents that the model’s estimates of future fuel cell 
MHE (III) sales are most sensitive to scale elasticity and policy. Next important variables are the 
cost of charging, Stack, and BoP.  
 
Vary Only Parameters  
 
      The three parameters: learning‐by‐doing progress ratios, scale elasticities, and rates of 
technological progress are varied, and the ITC ends in 2018. Sensitivity analysis is performed 
keeping all other variables constant. Figure 1-26 illustrates that the EAC of fuel cell MHE (I/II) 
peaks in 2018 and starts decreasing reaching to the range from $11,600 to $12,600 in 2025. 
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Figure 1-25 Results of Sensitivity Analysis for Sales of Class III Fuel Cell MHE in 2018, 
Assuming Only Policy Varied. 
 
 
Figure 1-26 Results of Sensitivity Analysis for EACs of Fuel Cell MHE (I/II), Assuming 
Only Parameters Varied. 
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      Figure 1-27 indicates that the EAC of fuel cell domestic BuP peaks in 2019 and starts 
decreasing when only parameters are varied, and the ITC ends in 2018. The EAC ranges between 
$3,250 to $4,100 in 2015. 
 
 
Figure 1-27 Results of Sensitivity Analysis for EACs of Fuel Cell Domestic BuP, Assuming 
Only Parameters Varied. 
 
      The tornado chart in Figure 1-28 represents that the model’s estimates of fuel cell domestic 
BuP sales in 2025 are most sensitive to technological progress rate. This implies that higher the 
rate of technological progress, higher the number of sales. Other important variables are learning 
rates of BuP and stack followed by technological progress rate of the stack.  
 
78 
 
 
Figure 1-28 Results of Sensitivity Analysis for Sales of Fuel Cell Domestic BuP in 2025, 
Assuming Only Parameters Varied. 
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      The tornado analysis shows that the model’s estimates of future fuel cell MHE (I/II) sales are 
most sensitive to the learning rate in manufacturing the units and in manufacturing fuel cell 
stacks followed by the learning rate of the stack and technological progress rate (Figure 1-29). 
The higher the ratio, the slower the learning is and the lower the sales. Other important variables 
are technological progress rate of stack and scale elasticity. 
 
 
Figure 1-29 Results of Sensitivity Analysis for Sales of Fuel Cell MHE (I/II) in 2025, 
Assuming Only Parameters Varied. 
 
Vary the Only Cost 
      The manufacturing and operation costs are varied assuming ITC ends in 2018. Figure 1-30 
illustrates that the fuel cell MHE (I/II) sales start increasing from 2018. There is a big uncertainty 
in the future market with sales ranging between 1,650 and 6,500 in 2025. Figure 1-31 indicates 
that the EAC of fuel cell domestic BuP starts decreasing from 2017 when only costs are varied 
and the ITC ends in 2018. The EAC ranges between $700 and $1,600 in 2015. 
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Figure 1-30 Results of Sensitivity Analysis for Sales of Class I/II Fuel Cell MHE, Assuming 
Only Cost Varied.      
 
 
Figure 1-31 Results of Sensitivity Analysis for EACs of Fuel Cell Domestic BuP, Assuming 
Only Costs Varied. 
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      Results of the sensitivity analysis for fuel cell MHE (I/II) units show a much smaller impact 
of parameters (Figure 1-32). Fuel cell sales in future are mostly affected by the costs of batteries, 
charger, and maintenance. The increasing cost of batteries will increase the sale of fuel cell MHE 
(I/II).  
 
      The results from sensitivity analysis showed that in most cases, the sustainability of future 
market of a fuel cell depends on the cost of batteries. If the cost of batteries is significantly 
reduced, the fuel cell cannot compete for the market. 
 
 
Figure 1-32 Results of Sensitivity Analysis for Sales of Fuel Cell MHE (I/II) in 2018, 
Assuming Only Costs Varied. 
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Chapter 2  
 
 
 
 
 
 
Fuel Cells for Non-Automotive Uses: Status and Prospects 
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A similar version of this chapter is appeared in a paper as: 
Upreti, G., Greene, D.L., Duleep, K.G., Sawhney, R., “Fuel Cells for Non-Automotive Uses: 
Status and Prospects”, International Journal of Hydrogen Energy, 2012; 37(8):6339-6348 
 
2.1 Abstract 
      Fuel cells are in varying stages of commercialization for both automotive and non-
automotive applications. The fuel cell industry has made substantial progress but still needs to 
reduce costs and improve performance to compete successfully with established technologies. In 
just 5 years, costs have been reduced by a factor of two while improving efficiency and 
durability. Based on interviews with fuel cell manufacturers in the U.S., Japan and the EU and 
information from published sources, a model of non-automotive fuel cell markets is constructed 
and used to estimate the impacts of government policies and to project the potential evolution of 
the industry to 2025. The model includes the effects of learning-by-doing, scale economies and 
exogenous technological progress on component and system costs, estimates customer choices 
between fuel cell and competing established technologies, and attempts to measure the impacts 
of government policies. With continued policy support it appears likely that the industry can 
become self-sustaining within the next decade. 
 
2.2 Introduction 
      Non-automotive applications: Combined Heat and Power (CHP), back-up power (BuP), 
material handling equipment (MHE) and portable power are seen as early markets for fuel cells 
(U.S. Department of Energy 2010). Thousands of residential and commercial CHP units have 
been installed in Japan. Hundreds of Phosphoric Acid Fuel Cell (PAFC) and Molten Carbonate 
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Fuel Cell (MCFC) units have been installed for large scale CHP applications. Thousands of fuel 
cells are providing BuP for radio and telecom sites around the world. Hundreds of fuel cell 
powered forklifts are in operation. Fuel cells used for CHP, BuP and MHE range up to 15 kW 
while larger fuel cell, MCFC and PAFC range from 100 kW to 3 MW.  
 
      The U.S. government provides a significant investment tax credit to purchasers of fuel cells. 
Individual states also offer incentives, such as California’s Self-Generation-Incentive-Program 
(SGIP). Procurements under the American Reconstruction and Recovery Act (ARRA) and its 
1603 provision have also benefited the industry. Other countries such as Japan, Germany, and 
South Korea also have policies to promote the non-automotive fuel cell industry. This paper 
evaluates the progress made by the U.S. fuel cell industry in recent years and the role of public 
policy in assisting the industry to become sustainable. 
 
2.3 Fuel Cell Technologies 
      Proton Exchange Membrane Fuel Cells (PEMFCs) utilize a solid polymer membrane as an 
electrolyte and porous carbon electrodes that contain platinum as a catalyst. They use pure 
hydrogen fuel and operate at low temperatures. PlugPower, Nuvera, ReliOn, Altergy, Idatech, 
and ClearEdge are U.S. stationary PEMFCs manufacturer and Ballard (a Canadian company) is a 
major manufacturer of PEMFC stacks. PEMFC micro-CHP has an electrical efficiency of 37% 
with an overall efficiency of 82% in CHP mode. PAFCs use phosphoric acid as an electrolyte 
suspended in a silicon carbide matrix and porous carbon electrodes that contain platinum as a 
catalyst. They operate at temperatures between 150 to 2000 C and are 40% efficient in generating 
electricity but 85% efficient in CHP mode. UTC Power is a U.S. manufacturer of PAFCS. 
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MCFCs are high temperature fuel cells with an operating temperature of about 6500 C. The 
electrolyte typically consists of a molten mixture of carbonate salts suspended in a ceramic 
matrix. MCFCs have an electrical efficiency of 47% with an overall efficiency of 85% in CHP 
mode (http://www.fuelcellenergy.com/products.php). Fuel Cell Energy is a manufacturer of 
MCFCS. Solid Oxide Fuel Cells (SOFCs) use ceramic materials as electrolyte and operate at 
high temperatures between 750 to 10000 C. They have an electrical efficiency of 50% and an 
overall efficiency of 80% in CHP mode (Nanaeda et al. 2010). Bloom Energy of U.S. and 
Ceramic Fuel Cell Limited (CFCL) of Australia offer SOFCs. Direct Methanol Fuel Cells 
(DMFCs) are a type of PEMFC fueled by methanol. They operate at low temperatures, 50-1200 
C and have lower efficiency, 20-30% [Smart Fuel Cell, Germany]. They are used for low power 
portable applications such as auxiliary units (RVs and yachts), remote power, defense, and 
mobile auxiliary power units (APUs). Oorja of U.S. and SFC Energy of Germany offer DMFCS. 
 
2.3.1 Back-up Power 
      BuP for telecommunications towers have become an important early market for fuel cell 
PEM units. Companies offering fuel cells for this application include Idatech, Relion and 
Altergy. The main competitors are lead acid battery power and generator sets with smaller 
batteries. The remote site power requirements in the U. S. are generally in the 5 kW to 10 kW 
range. In case of long back up time a methanol reformer can be used in conjunction with a fuel 
cell. The total U.S. market size for telecom towers is estimated to be around 300,000 units, based 
on our interviews with industry sources. Systems are replaced over a 15 to 20 year life so that 
new systems are purchased at a rate of about 15,000 to 20,000 per year. Hence, the total market 
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size in the U.S. for BuP may be too small to support more than 3 to 4 competitors at competitive 
economies of scale. 
 
2.3.2 Material Handling 
      Fuel cell forklifts are used in a variety of applications such as manufacturing, construction, 
and warehouse operations. Nuvera, Plug Power, and Hydrogenics (a Canadian company) are 
companies offering PEMFC power systems for forklifts. Oorja Protonics offers a different type 
of system with a DMFC that acts as a battery charger rather than as a direct source of motive 
power. During our study manufacturers were producing 5 kW systems for Class 1 and 2 forklifts. 
Since then, the manufacturers have increased the power of their fuel cell systems for classes 1 
and 2 to the range of 8 to 12 kW and have developed new, 2-3 kW systems for the class 3 forklift 
market. The life of fuel cell for forklifts is shorter than stationary fuel cell systems. The main 
competitor for a fuel cell based forklift is a conventional battery powered unit.  
 
      According to Industrial Truck Association reports, 50,000 to 70,000 Class 1 and 2 electric lift 
trucks were sold per year in the last decade except 2009 when sale declined due to the recession 
[KG Duleep, President, H-D Systems, Washington, DC]. We believe that 70% of these are used 
in single shift operations while the remaining 30% are used in 2 or 3 shift operations. Fuel cell 
forklifts are targeted at this 30% of the market which is equivalent to 18,000 + 3,000 units per 
year, to take advantage of their faster refueling and non-degrading performance. Hence with 3 to 
4 manufacturers, volumes of 5,000 to 6,000 units per manufacturer per year are possible.  
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2.3.3 Combined Heat and Power   
      CHP offers increased energy efficiency through the use of both electric and thermal energy. 
The heat produced can be used for space heating or other purposes such as heating pools or spas. 
The electricity produced competes with the grid electricity while the byproduct heat typically 
competes with gas fired boilers.  
 
2.3.3.1 Micro (0.1 to 10 kW) and Small (100 kW to 5 MW) CHP  
      Micro-CHP is defined as appliances of less than 10 kW electrical output used to provide both 
electric and thermal energy to the single/multi family home or small office building. Micro-CHP 
systems are generally fueled by natural gas. ClearEdge offers micro-CHP PEM fuel cells units in 
the U.S. Both Fuel Cell Energy and UTC Power offer smaller MCFC and PAFC units 
respectively. The overall market depends on local electricity prices and the ability to use waste 
heat. IC engine based CHP units are the main competitors for fuel cell based CHP.  
 
      According to the Residential Energy Consumption Survey [KG Duleep], the market requiring 
the most heat, over 7,000 Heating Degree Days (HDD) consists of about 700,000 to 850,000 
existing homes. If systems are replaced over a 20 year life, the replacement market is about 
35,000 to 42,000 units and the new installation market is in about 14,000 new homes. In 
addition, micro-CHP can also be used in small apartment buildings and light commercial 
establishments (like fast food sales outlets). Thus, the overall market is potentially large if the 
fuel cell units are replaced for existing heating units.  
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2.4 Fuel Cell Market 
      Based on the data collected from annual reports of Fuel Cell Energy, Ballard, Idatech, Plug 
Power, interviews conducted with domestic fuel cell manufacturers, and various internet sources, 
an estimated U.S. production of PEMFC devices for three applications: BuP, CHP, and MHE is 
shown in Figure 2-1. The production of micro-CHP and forklifts has increased significantly. The 
production of BuP has achieved roughly a five-fold increase over 2007.  
 
 
Figure 2-1 Estimated Annual U.S. Production of PEMFC Devices in 5 kW Unit. 
 
2.5 Global Fuel Cell Programs 
2.5.1 Fuel Cell Programs in Japan  
      Small residential CHP is the main market in Japan. Three manufacturers, Toshiba, JX 
Energy, and Panasonic account for nearly Japan’s entire stationary fuel cell program. The 
government has already spent more than 12.5 $ million on fuel cell demonstrations. The small 
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CHP product is a 0.7-1 kW CHP PEMFCs for single family homes. The byproduct heat is 
utilized to heat a 200 liter water tank. Staffel et al. reported the price of the system as $39,550 - 
$55,250 in 2005, $24,650 - $41,450 in 2006, $17,350 - $35,200 in 2007, $13,300 - $24,650 in 
2008 and $16,000 in 2009 (1converted to U.S. $ equivalent) (Staffell and Green 2009). The price 
of the system was $36,450 in 2010 and is $33,850 in 2011(Breakthrough Technologies Institute 
Inc. 2011; Shimbun 2011). The government provided a subsidy of $54,500 per unit in 2005, 
$38,675 in 2006, $29,725 in 2007, $21,275 in 2008, $14,950 in 2009, and $14,800 in 2010 
which was reduced to $13,150 in 2011. Approximately 5,000 residential fuel cell CHP units 
were sold in Japan in 2009. Approximately 5,000 residential fuel cell CHP units were sold in 
Japan in 2009. 
 
2.5.2 Fuel Cell Programs in EU: Germany/Netherland 
      The German government’s hydrogen organization (NOW) is attempting to bridge the gap 
between R&D and market penetration. In Germany, the Callux demonstration project is planning 
to deploy 1 kW and 5 kW units for residential CHP applications. The goal is to deploy 800 units 
by 2012. Most of them are PEMFCs but both SOFC and PEM technology are being 
demonstrated (Garche et al. 2009). BlueGen, a 2 kW SOFC micro-CHP system and Gennex, 
which is the fuel cell component of the system, are ready for commercialization. NOW is 
demonstrating one lighthouse project which is a 1 kW micro-CHP. NOW provides a subsidy of 
48% of the cost for each fuel cell unit. The German National Innovation Program is planning to 
deploy 60 high temperature MCFCs ranging in size from 200–700 kW of which 3 units have 
                                                 
1Exchange rates of currency in 2005: 1$ = ¥110.12; 2006: $1 = ¥116.36; 2007:$ 1 = ¥117.77; 2008: 
$1 = ¥103.40; 2009:$1 = ¥93.59; 2010:$1= ¥87.80; 2011: 1$ = ¥79.75  
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been already installed (KT 2010). Another German manufacturer is producing small DMFCs. 
They have already sold 20,000 units without any subsidies but with government R&D support.  
 
2.5.3 Fuel Cell Programs in South Korea 
      The residential fuel cell demonstration program which started in 2010 offered a subsidy of 
80% of the cost of stationary fuel cells through 2012 and a 50% subsidy from 2013-2015. The 
program calls for an installation of 200 units in 2010, 300 in 2011 and 500 in 2012. The cost of a 
fuel cell unit is approximately $8,000 with the government subsidy (Cleantech Group LLC. S. 
2009). South Korea’s large-scale fuel cell program mainly focuses on 300 kW and MW MCFC 
technology.  
 
2.6 Cost Reductions 
      Fuel cell manufacturers around the world have achieved cost reductions of 50% or more over 
the past 5 years. Greene and Duleep in 2005 (Greene and Duleep 2008) estimated costs for 
PEMFC stacks and other fuel cell systems and projected costs to 2010 based on assumed 
production levels, scale elasticities of approximately -0.2 and progress ratios of 0.95 for stack 
suppliers and 0.91 for original equipment manufacturers (OEMs). A progress ratio of 0.95 
implies a 5% reduction in costs and 0.91 implies a 9% reduction in costs for every doubling of 
cumulative production. The Scale elasticity measures the percent reduction in cost for each 1% 
increase in annual production volume. Scale elasticity of -0.2 implies that a 1% increase in 
production volume would decrease cost by 0.2%.  
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Figure 2-2 Comparison of 2008 ORNL Study and 2010 Fuel Cell Cost Estimates.  
 
      Projections for 2010 retail price equivalents (RPE) made in the 2008 study turned out to be 
conservatively high. Cost data for 2010 obtained in the course of this study indicate that PEM 
stack costs have declined from roughly $4,000/kW to $1,000/kW, the cost of 1 kW BuP systems 
has been reduced by a factor of 4, the cost of 5 kW BuP units has come down from about 
$55,000 to $22,000, and the cost of 5 kW forklift systems have declined from $48,000 to about 
$22,000 (Figure 2-2).  
 
      Cost data provided by Japanese fuel cell manufacturers participating in Japan’s ENE-FARM 
program for small-scale CHP show that they achieved a four-fold cost reduction from the 
beginning of their pilot program in 2005 to the conclusion of the large-scale demonstration effort 
at the end of 2009 (Figure 2-3, left).  
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      Figure 2-3 also illustrates the government-industry cost target of approximately $6,835 in 
2018.  The Japanese data are consistent with a rate of technological progress of 8% per year, a 
progress ratio of 0.8 and a scale elasticity of -0.2. A technological progress of 8% implies an 8% 
reduction in cost per year. The Japanese target can be met if the cost can be reduced at the 
average rate of 15% per year through 2018.     
 
      The experience of Germany’s DMFC manufacturer is well described by identical scale 
economies and somewhat slower rates of technological progress and learning-by-doing with a 
rate of technological progress of 6% per year, a progress ratio of 0.85 and a scale elasticity of -
0.2 (Figure 2-3, right). Figure 2-3 also shows a cost target of $1,970 in 2018. 
 
 
Figure 2-3 Historical and projected selling price of 1 kW PEMFC CHP units in Japan. 
(left), and DMFC appliances in the EU (right). 
 
2.7 Implied Learning-by-Doing, Scale Economy, Technological Progress 
      The U.S. and Japanese industries’ estimated progress ratios for the 2005 to 2010 period are 
lower than progress ratios estimated by Schoots et al. (Schoots et al. 2010) who reported that 
PAFCs manufactured by UTC Power had a progress ratio of 0.75 ± 0.03 between 1993-2000 and 
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estimated a progress ratio 0.70 ± 0.09 for PEMFCs manufactured by Ballard between 2002-2005. 
These values are close to 0.79 ± 0.04 for PEMFC estimated for the global industry between 
1995-2006, but the estimates are based on small sample sizes (n=6 for UTC, and n=4 for 
Ballard). Staffell et. al. (Staffell 2010) estimated cost reductions of between 19.1% and 21.4% 
could be achieved for each doubling of fuel cell production, implying progress ratios of 0.79 to 
0.81. Neij recommended a progress ratios of 0.75 to 0.85 be used to project future costs of fuel 
cell technologies (Neij 2008).  
 
      Schoots et al. used a scale elasticity of -0.31 to adjust various cost estimates to a standard 
production rate of 500 units per year (Schoots et al. 2010). We use a more conservative elasticity 
of -0.2 for all technologies. This implies that a 10% increase in production volume will reduce 
the cost by 2%. The model described next includes the effects of scale economies and exogenous 
technological progress in the learning rate.   
 
2.8 Fuel Cell Market Model 
      Figure 2-4 summarizes the fuel cell Market Model used to estimate fuel cell cost, demand, 
and policy impacts for PEMFC. Its estimates should be considered descriptive of the likely size 
and direction of impacts rather than definitive. The fuel cell Market model comprises seven sub 
models and combines data for the costs of fuel cells and their components, their expected 
lifetimes, maintenance and fuel costs to calculate an equivalent annualized cost (EAC) for fuel 
cells and competing technologies. The model includes consumers’ choices, market penetration, 
sales, effects of technological progress, learning-by-doing, and scale economies on production 
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costs. In the case of MCFC and PAFC just the cost model is used; no attempt is made to model 
market demand. 
 
 
Figure 2-4 Structure of Non-automotive Fuel Cell Market Model. 
 
2.8.1 Methodology 
      EACs are used to estimate the market shares of fuel cell technologies. EACs are calculated 
by dividing net present value by an annuity factor (A). A is a function of equipment life, L, and 
discount rate, r.  
                                                                                                                                (1) 
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      The OEM model estimates the effects of learning by doing, scale economies and 
technological advancement through R&D on the cost of three main fuel cell components, stacks, 
reformers, and balance of plant (BoP). The cost for each component is the product of reference 
cost, learning effect, scale effect, and R&D effect.  
 
Component Cost = (Reference Cost) x (Learning Effect) x (Scale Effect) x (R&D Effect)        (2) 
 
      The costs of fuel cell systems are the sum of the costs of three components multiplied by the 
effects of OEM scale, learning, and technology progress. 
 
     System Cost = [(Stack Cost) + (Reformer Cost) + (BoP Cost)] x [(OEM Scale) x (OEM LBD)   
                             x (OEM R&D)]                                (3) 
 
      The annual market size is estimated by dividing the total number of existing units by their 
expected life.  
 
                       Q = Market Size = (Number of existing units) / (Expected life)                           (4) 
 
      Multinomial logit (MNL) choice models were used to estimate the market shares of fuel 
cells. The probability that a representative decision maker will choose alternative i is given by 
equation (5). In the case of micro-CHP, fuel cells compete with conventional heat and power and 
IC micro-CHP devices.   
                                                  (5) 
96 
 
      where e is base of Napierian logarithm, and G is the EAC. A is a constant term that 
represents less tangible attributes such as better environmental performance. This term is not 
quantified and is assumed to be zero in equation 5. B is a price-sensitivity term and is expressed 
as 
 
                                                                                                                   (6) 
 
      A price elasticity of -2 at a 50% market share of target price was assumed. An elasticity of -2 
implies a 10% increase in price would reduce market share by 20% i.e. from 50% to 40%. Fuel 
cell sales are computed by multiplying the total annual market size by the logit probabilities, PFC. 
 
                                                          QFC= QPFC                                                                          (7)  
 
      We calculated learning effects  separately for fuel cell stacks by fuel cell technology and 
used traditional learning functions, as shown in equation 8 (Wene 2000).  
 
                               (8)  
 
      Where Q is cumulative production, Q0 is cumulative production at t=0, λ is the experience 
parameter and P0 is the price at t=0.  
 
      We assumed a learning exponent of λ=0.152 for all applications, equivalent to a progress 
ratio of 0.9 which implies a 10% reduction in cost with doubling of production. EACs are 
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calculated in the cost analysis model and are passed to choice model where market shares for 
fuel cell technologies and their competitors are calculated. The market shares are then passed to 
the sales model where they are multiplied by potential market size. Estimated sales are passed to 
the OEM model to calculate the effect of learning-by-doing, scale economies, and exogenous 
technological change. They are combined into cost multipliers and sent to cost analysis 
spreadsheet.  
 
2.9 Model Assumptions 
      In the fuel cell market model several products of different sizes have been combined into a 
single size of 5 kW. The key assumptions for calculating the EACs of fuel cell systems and their 
competitors in 2010 are summarized in table 1 below. The estimated cost of PAFC and MCFC 
systems in table 2-1 is reported by Remick and Wheeler (Remick and Wheeler 2010) Table 2 
shows key assumptions for calculating EAC for alternative systems. For CHP, the alternative 
systems are electricity, natural gas, and IC engine. Batteries and genset are alternative systems 
for BuP where as its batteries for MHE. The data in Tables 2-1 and 2-2 are listed based on 
conversations with Ballard and Marathon Engine Systems. Installation costs are included in 
Retail Price Equivalent (RPE) costs. Default assumptions are progress ratios of 0.9, scale 
elasticities of -0.2, and R&D driven technological progress of 1-2% per year. Table 2-3 
represents parameters assumed for this study. 
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Table 2-1 Key Assumptions for Calculating EAC: Fuel Cell Systems. 
  
Micro-
CHP 
PEM 
Backup 
Power PEM 
Material 
Handling PEM 
PAFC 
(costs/kW) 
MCFC 
(costs/kW) 
Size 5 kW 5 kW 5 kW 400 kW 3 MW 
Stack Life (years) 5 
10 increasing 
to 15 in 2015 
5 1E+12 
5 in 2005, upto 
10 in 2010 
Stack RPE in 
2010 
 $    19,500   $         6,500   $         19,500   $        1,500  $              2,000 
BoP Life (years) 10 
10 increasing 
to 15 in 2015 
10 increasing to 
15 in 2015 
20 25 
BoP RPE in 2010  $    15,500   $         5,000   $         22,000   $        2,500  $              1,000 
Reformer Life 
(years) 
6 
10 increasing 
to 15 in 2015 
    
 
Ref. RPE in 2010  $    15,500   $         5,000      
 
Capital Subtotal  $    50,500   $       16,500   $         41,500   $        4,000  $              3,000 
Installation  $      2,000   $         4,500     $           700  $                 500 
Maintenance $/yr  $         500   $            500   $             700   $           700  $                 500 
Energy Costs $/yr 
$ 850 
(Methane) 
H2 $4,700/ 
MeOH 
$1,000 
 $           8,000   $        1,000  $                 700 
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Table 2-2 Key Assumptions for Calculating EAC: Alternative Systems. 
  
Micro CHP 
PEM 
Backup 
Power PEM 
Material 
Handling 
PEM 
PAFC 
(costs/kW) 
MCFC 
(costs/kW) 
Size 5 kW 5 kW 5 kW 400 kW 3 MW 
Stack Life 
(years) 
5 
10 increasing 
to 15 in 2015 
5 1E+12 
5 in 2005, 
upto 10 in 
2010 
Stack RPE in 
2010 
 $     19,500   $         6,500   $        19,500   $        1,500   $           2,000  
BoP Life (years) 10 
10 increasing 
to 15 in 2015 
10 increasing 
to 15 in 2015 
20 25 
BoP RPE in 
2010 
 $     15,500   $         5,000   $        22,000   $        2,500   $           1,000  
Reformer Life 
(years) 
6 
10 increasing 
to 15 in 2015 
      
Ref. RPE in 
2010 
 $     15,500   $         5,000        
Capital Subtotal  $     50,500   $       16,500   $        41,500   $        4,000   $           3,000  
Installation  $       2,000   $         4,500     $           700   $              500  
Maintenance 
$/yr 
 $         500   $            500   $             700   $           700   $              500  
Energy Costs 
$/yr 
$ 850 
(Methane) 
H2 $4,700/ 
MeOH 
$1,000 
 $          8,000   $        1,000   $              700  
 
 
Table 2-3 Parameter Assumptions for OEM Cost Models. 
Parameter 
Micro 
CHP 
Backup 
Power 
Material 
Handling 
PEMFC 
Stacks 
300 kW 
PAFC 
3 MW 
MCFC 
Scale Elasticity -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 
Economical Scale 
5000 
(units) 
5000 
(units) 
3000 
(units) 
25000 
(kW) 
200 
(units) 
200 
(units) 
Progress Ratio 0.9 0.9 0.9 0.9 0.9 0.9 
Learning Exponent -0.152 -0.152 -0.152 -0.152 -0.152 -0.152 
Rate of Tech. Progress  2%/yr.   2%/yr.   2%/yr.   1%/yr.   2%/yr.   2%/yr.  
No. of Firms in 2010 1 3 3 3 1 1 
No. of Firms in 2025 1 3 3 4 2 2 
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2.9.1 Market Size  
      The market size for PEMFCs is shown in Figure 2-5. Fuel cell markets grow for all three 
applications. The market for micro-CHP grows rapidly as small sites outside of California are 
added to the potential market. The market for material handling grows at the rate of 2% per year, 
while the back-up power market is assumed to expand linearly from 15,000 to 20,000 units per 
year. The model assumes minimum sales of 100 units for all three applications through 
demonstration programs and incentives which are consistent with historical experience, as 
reported by Staffell and Green (Staffell and Green 2009). 
 
 
Figure 2-5 Assumed Target Market Sizes for Non-automotive PEMFCs. 
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2.10 Caveats 
      The cost reductions of fuel cell systems estimated by the fuel cell Market Model are based on 
the past relationship between volume, cumulative production, and technological advancement. 
There is no guarantee that progress will continue in the future at any specific rate.  
 
      The demand model is very simple. National averages are used for factors such as usage rates, 
environmental conditions, local availability and cost of hydrogen, local costs for electricity, and 
labor are not explicitly represented in the demand models. The logit choice models and their 
price sensitivity parameters imply a certain degree of heterogeneity, consistent with an s-shaped 
market penetration curve, but no attempt has been made to explicitly represent market 
heterogeneity despite its importance to decisions to adopt fuel cells. The size of the market in 
which fuel cells are assumed to compete has been deliberately limited. We have not considered 
export markets. 
 
      There is no rigorous way to empirically validate the model. Thus, a sensitivity analysis was 
carried out to measure the degree to which the model’s estimates depended on uncertain 
parameter values. Hence, the model’s estimates are indicative of the relationships between fuel 
cell manufacturing experience and market development and cost, and the ways in which the 
competitiveness may change as a consequence of alternative policies but should not be 
considered forecasts of what will happen in the future. 
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2.11 U.S. Policies and Their Impact 
      The U.S. fuel cell market benefits from two significant federal government policies. The first 
is the Investment Tax Credit (ITC) which provides tax credits of $3,000/kW for fuel cells up to a 
maximum of 30% of capital cost. In 2008, the ITC was extended through the year 2016. Second 
is the additional funds provided by the ARRA for subsidizing purchases of fuel cells based on 
cost-sharing contracts awarded by the U.S. Department of Energy (DOE) and other agencies. 
The ARRA program awarded $41.9 million in federal funding matched by $54 million in cost-
sharing from industry. The funding is expected to deploy nearly 1000 fuel cell systems for 
emergency BuP, MHE, and CHP applications. In addition, the state of California offers 
incentives in the form of the SGIP to purchasers for the installation of fuel cell based CHP. Other 
states also have incentives but they are smaller. The results from model suggest ITC to be critical 
to sustaining a domestic fuel cell industry for the next five years. 2011 is the first year predicted 
by the model whereas, prior years are inputs. If the ITC were eliminated in 2012, the model 
predicts a severe impact on the micro-CHP and material handling sales (Figures 2-6, and 2-8), 
and a significant loss of sales for fuel cell BuP (Figure 2-7). The sales of micro-CHP units are 
estimated to decline after 2011 due to the assumed termination of California’s SGIP. The model 
estimated increasing sales for MHE in 2010 due to ARRA supported purchases. Although the 
model’s estimates show an eventual recovery and growth for the PEMFC industries, the years 
from 2010 to 2015 appear to be very challenging if current policy supports are removed (as 
illustrated by the black bars).     
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Figure 2-6 Estimated Sales of Micro-CHP.  
 
 
Figure 2-7 Estimated Sales of BuP Fuel Cells. 
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Figure 2-8 Estimated Sales of Material Handling Fuel Cells. 
 
      We did not model the market demand for MCFCs and PAFCs. Instead the impacts of current 
government policies on fuel cell costs are evaluated. The impacts of U.S. and California policies 
on the EAC of large MCFC are illustrated in Figure 2-9 and similar impacts on the EAC of 
PAFCs are illustrated in Figure 2-10. Current policy appears to be responsible for a cost 
reduction of approximately $1,000 in EAC per kW. California’s SGIP provides the largest 
subsidies accounting for two thirds to three fourths for installations using natural gas and even 
greater if renewable fuel are used. California’s SGIP is expected to expire soon and we assume 
that to occur in 2011, as shown by the red line in Figure 2-10. If the current cap on the ITC were 
removed in 2012 and replaced by a fixed subsidy of $3000/kW, the EACs of large fuel cells 
would trend slightly lower, as shown by the purple line in figure. The federal tax credit is 
assumed to expire in 2016 at which time the EACs are estimated to increase by $500. The 
combined effect of continuing current policy supports through 2016 is to bring large-scale fuel 
cell costs down to their long-run levels by that time. 
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Figure 2-9 Estimated EAC per kW of 3MW MCFCs for CHP. 
 
 
Figure 2-10 Estimated EAC per kW of 300 kW PAFCs for CHP. 
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2.12 Sensitivity Analysis  
      Sensitivity analysis is used to study the variation in output of the model due to the variation 
in inputs and parameter values. In this case it is used to quantify the influence of assumptions 
such as productivity parameters, costs, and policy on the future cost and sales of fuel cells. A 
sensitivity analysis was done using the @Risk 5.0 simulation software (Palisade Corporation 
2015). The following parameters were varied for each parameter assigning a triangular 
probability distribution for all types of fuel cells. 
 
      Learning-by-doing: 0.90 ± 0.05, scale elasticities: -0.20 ± 0.05, technological progress rate: 
1%/yr ± 1%, component costs (stack, BoP, reformer): ± 10% of original estimate, reduction in 
installation costs: 2%/yr ± 1%, reduction in maintenance costs: 1%/yr ± 0.5%. The market 
sensitivity for price was varied from a price elasticity of -2 at 50% market share to between -1 
and -3 since we know very little about the price sensitivity of the choice of fuel cells. 
 
      We estimate the effects of scale economies and exogenous technological progress 
independently from the learning rate. Results of sensitivity analysis for micro-CHP indicate high 
levels of uncertainty which implies that the model’s estimates of market success are also highly 
uncertain. The price elasticity of consumer choice has the greatest impact on micro-CHP sales. 
The more price sensitive home owners are, the more difficult it will be for micro-CHP to 
compete against alternatives for heat and electricity. Assuming reductions in natural gas prices, 
increases in electricity costs, increased utilization rates (from 17% to 35%) and adding a feed-in-
tariff of 11 cents from year 2011 substantially increases the value of electricity produced by the 
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CHP unit. Under these circumstances, the market success of micro-CHP units would be 
substantially improved. 
 
      BuP and MHE projections are much less sensitive to parameter assumptions. BuP future 
sales are mainly affected by learning rates in manufacturing fuel cell units and stacks. The 
market success of MHE is more sensitive to the cost of hydrogen. For details of the sensitivity 
analyses please refer to report (Greene et al. 2011). 
 
2.13 Conclusions 
      This study indicates that for all the cases manufacturers have equaled or exceeded the costs 
projected by the 2008 report by Greene and Duleep. Foreign industries have also achieved 
similar cost reductions. Manufacturers believe further cost reduction of 40-50% is necessary to 
compete with alternative technologies. A model was constructed simulating three markets for 
PEMFCs and the cost of PAFCs and MCFCs in large CHP and distributed power applications. 
The model was used to assess the impacts of government subsidies and procurements on fuel cell 
costs and sales. The analysis indicates that government programs have had important benefits for 
the industry, helping to reduce costs via scale economies and learning-by-doing. Sensitivity 
analysis reveals substantial uncertainty about future fuel cell sales but the degree of uncertainty 
and which factors were most critical differed by application. If the industry’s past success in cost 
reduction and performance improvement can be continued, and current policy supports are 
retained or strengthened, it appears likely that the industry will become self-sustaining in the 
near future.  
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Chapter 3  
 
 
 
 
 
 
Impacts of the American Recovery and Reinvestment Act and the 
Investment Tax Credit on the North American Non-Automotive 
PEM Fuel Cell Industry 
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A similar version of this chapter is appeared in a paper as: 
Upreti, G., Greene, D.L., Duleep, K.G., Sawhney, R., “Impacts of the American Recovery and 
Reinvestment Act and the Investment Tax Credit on the North American Non-Automotive PEM 
Fuel Cell Industry”, International Journal of Hydrogen Energy, 2016;41:3664-3675 
 
3.1 Abstract 
      The North American fuel cell industry has achieved major cost reductions while improving 
the durability and reliability of its products. Nevertheless, the costs of fuel cell systems and the 
cost and availability of hydrogen remain barriers to commercialization. Risk aversion to novel 
technology is also an issue. This paper estimates the impacts of government subsidies such as the 
American Recovery and Reinvestment Act (ARRA) and the Investment Tax   Credit (ITC) on 
the sales of fuel cell Backup Power (BuP) and Material Handling Equipment (MHE) by North 
American firms. A fuel cell market model published in 2011 has been updated based on the data 
collected from interviews, annual reports, and published literature. The updated model integrates 
effects of learning-by-doing, scale economies and exogenous technological progress on 
component and system costs, estimates customers' choices between fuel cell and competing 
established technologies, and is used to measure the impacts of government policies. The 
combination of industry progress and government support led to rapid sales growth while 
industry consolidation reduced the number of firms enabling the remaining firms to achieve 
greater economies of scale. The ARRA is estimated to have reduced the cost of fuel cells for 
MHE and BuP via scale economies and learning by doing. This is estimated to induce additional 
sales of approximately 5,600 fuel cell MHE and BuP units through 2025.  If the ITC expires in 
2017, it is likely to cause a sharp reduction in the sales of North American fuel cells. However, if 
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the ITC is gradually phased out by 2022, sales could remain approximately constant during the 
phase-out period. 
 
3.2 Introduction 
      North American firms have been manufacturing fuel cell Backup Power (BuP) and Material 
Handling Equipment (MHE) for more than a decade for demonstrations and commercial sales. 
The most attractive market for fuel cell BuP systems appears to be telecom towers. There are 
about 300,000 telecom towers providing coverage to nearly all of the U.S. and there are roughly 
5 million towers worldwide (Qi 2013). The average life of Telecom BuP systems is 15‒20 years, 
implying an average annual demand of 15,000 to 20,000 BuP systems units in the U.S. alone.  
Global markets, especially developing countries are potentially a much larger opportunity for 
North American fuel cell BuP manufacturers. The older towers require 5 to 10 kW of BuP while 
newer towers need only about 2.5 kW.  Less expensive air-cooled fuel cell systems can provide 
sufficient power for modern 4G telecom towers (Qi 2013). 
 
      Electric forklifts compete in classes, I, II, and III with class I being the largest, class II 
intermediate and class III being the smallest size and capacity. Fuel cells have been applied to 
classes I to III. In general, classes I and II are powered by 8‒10 kW fuel cell systems, while the 
smaller class III forklifts require only 2‒4 kW of maximum continuous power. In 2012, sales of 
classes I and II forklifts amounted to approximately 50,000 units with an equal number of class 
III units sold (Elgowainy et al. 2009; Systems 2015).   
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      In 2009 the US government allowed ARRA funds to subsidize purchases of fuel cell BuP and 
MHE systems in order to stimulate economic growth and promote advanced, low-emission 
energy technologies. The U.S. fuel cell market also benefited from the ITC which provides tax 
credits of $ 3,000/kW for fuel cells or 30 % of capital cost, whichever is less. In 2008, the ITC 
was extended through the end of 2016. After more than a decade of R&D effort, PEM fuel cell 
technology offers high efficiency, durability and reliability, and costs have been reduced 
significantly due to mass production (Dodds et al. 2015; Sharaf and Orhan 2014). The fuel cell 
technology program continues to promote R&D activities to validate the fuel cell technology 
(Garland et al. 2012).  
 
3.3 Fuel Cell Industry Status 
      There have been important changes in the structure of the MHE and BuP fuel cell industries 
since the 2011 study (Greene et al. 2011). Mergers and acquisitions have led to a reduction in the 
number of North American fuel cell firms.  Ballard Power Systems acquired IdaTech in 2012, a 
leading producer of methanol reforming and hydrogen-fueled BuP units.  Plug Power acquired 
Relion in 2014, another major manufacturer of fuel cell BuP equipment.  This leaves four (down 
from six) North American manufacturers in the BuP market: Altergy, Ballard, Hydrogenics and 
Plug Power (Relion). With Nuvera’s decision to focus on research and development, Plug Power 
is the only remaining North American commercial manufacturer of fuel cell MHE systems and 
Ballard Power Systems is the sole supplier of Plug Power’s fuel cell MHE stacks.  
 
      The distribution of fuel cell sales co-funded by the ARRA for 2009‒2013 is shown in Figure 
3-1. The Department of Energy reports that the ARRA partially supported purchases of 524 
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MHE units and 824 BuP units (Devlin P and K. 2015; Devlin and Kiuru 2015). ARRA supported 
sales peaked in 2010 at 308 units for MHE and in 2011 at 421 units BuP systems. The ARRA 
expenditures for fuel cell MHE support was $ 9.7 million, while the industry cost share was $ 
11.8 million.  Similarly, ARRA funded BuP sales were $ 18.5 million from DOE and $ 30.8 
million from industry (Mintz et al. 2013).  In addition, the Department of Energy has subsidized 
83 BuP units and 189 MHE units out of its departmental appropriations.  Thus, total DOE-
subsidized fuel cell sales amount to 907 BuP units and 713 MHE units.  Since 2009, firms have 
purchased 5,568 BuP units and 8,340 MHE units without DOE support. All of these sales 
benefitted directly or indirectly from the ITC and ARRA deployments. 
 
 
Figure 3-1 Annual Sales of Fuel Cell MHE and BuP Co-funded by ARRA. 
 
      Total estimated annual sales of BuP and MHE units by North American firms are shown in 
Figure 3-2. These numbers were obtained from interviews with OEMs and from published 
113 
 
sources such as annual reports, and the press releases. Backup power led the industry in total 
shipments until 2013. The shipment for forklifts peaked in 2014. We do not have a source of 
shipment by firms except when firm reports and in some cases orders are reported instead of 
shipments.   
 
 
Figure 3-2 Estimated Sales of Fuel Cell Material Handling and Backup Power Equipment: 
2010-2014. 
 
3.4 Data Collection and Assumptions 
      Several research papers published since the 2011 study provide detailed estimates of the 
costs of fuel cell MHE and BuP systems. Contini et al. (Vince Contini et al. 2013) estimated the 
manufacturing costs of a 10 kW fuel cell MHE unit (Figure 3-3).  Although the class of the 
forklift is not listed, the 10 kW power rating suggests that it is most likely a class I or possibly a 
class II forklift.  The cost plot in Figure 3-3 provides evidence scale economies. Costs were also 
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estimated for a 25 kW MHE systems. “Other” categories in the figure below are the humidifier, 
hydrogen recirculation system, and hydrogen regulator, radiator, blowers, and more. Contini et 
al. identified the carbon fiber composite hydrogen storage tank as a potential target for cost 
reduction (Vince Contini et al. 2013). They estimated the cost of a composite hydrogen storage 
tank at $ 3,494 at a volume of 100 units/year, decreasing to $ 3,373 per tank at 10,000 units/year. 
However, the cost of a steel tank is $ 804 at a volume of 100 units/year, decreasing to $ 731 per 
tank at 10,000 units/year, a cost saving of over $ 2,500. 
 
 
Figure 3-3 Estimated Cost of 10 kW PEM Fuel Cell MHE. 
 
      Larriba et al. report fuel cell system prices of $ 30,000 for a class I forklift, $ 28,000 for a 
class II and $ 14,000 for a class III forklift (Larriba et al. 2013). These prices do not include the 
forklift truck.  Renquist et al. report a price tag of $ 35,000 for a class I forklift (Renquist et al. 
115 
 
2012). Ramsden estimated the capital cost of $ 33,000 for class I and II fuel cell forklifts and $ 
15,000 for class III (Ramsden 2013).  HD systems estimated the cost of a 5 kW MHE fuel cell 
system at $ 15,000‒$ 16,000, with additional costs of $ 4,000 for controller and power 
conditioning, $ 2,000 for high-power batteries and $ 1,000 for a stainless steel hydrogen storage 
tanks (http://www.fuelcellenergy.com/products.php). Dominguez et al. estimated a savings for 
fuel cell forklifts of 20 minutes per battery recharging event (Domínguez et al. 2015). Assuming 
two battery swaps per day, a 340 day year and a $ 24/hr labor cost accounts to well over $ 5,000 
per year in potential labor savings.  Qi states increased productivity of 15 % and up to 30 % 
lower operating costs for fuel cell MHE (Qi 2013).  
 
      Plugpower customers have reported significant productivity advantages for fuel cell MHE. 
Sysco Houston, a provider of food products, reported that battery changes require an additional 
maintenance worker to assist the forklift operator during the 10‒15 minute battery change 
whereas the operator alone can refuel a fuel cell forklift in approximately 3 minutes. United 
Natural Foods, Inc, Wegmans Food Markets, Inc., and Golden State Foods, Inc, all reported 
substantial labor costs saving on refueling fuel cell forklifts. The elimination of battery swapping 
and rapid refueling was also cited by Elgowainy et al. as important advantages of fuel cell versus 
battery-powered forklifts (Elgowainy et al. 2009). VW and BMW who are using fuel cell MHE 
report the environmental benefits and sustainability of fuel cells versus batteries in terms of 
reduced emissions and grid electricity use, and the elimination of hazardous materials such as 
battery acid and lead from the workplace (Plug Power, 2015).  Environmental benefits and 
sustainability are not included in our model. They are rather interpreted as factors that increase 
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the value of the fuel cell option for some firms.  They are assumed to be components of the 
unmeasured, firm-specific utility of the fuel cell option.  
 
      Kurtz et al. estimated costs of BuP systems for different run times ranging from 8 to 176 
hours (Kurtz et al. 2014a).  Complete fuel cell unit costs ranged from $ 30,700 for the 8 hour 
system to $ 76,000 for the 176 hour outage and assume only one outage per year. HD Systems 
assumes more frequent outages of short duration which is a much more likely scenario for the 
U.S. market (http://www.fuelcellenergy.com/products.php).  The data for the 8 hour shortage are 
shown in table 3. HD Systems estimated the cost of a 5 kW BuP unit at about $ 11,000 for the 
stack and balance of plant, $ 5,000‒$ 6,000 for controller and power conditioning and $ 5,500 to 
$ 6,000 for six 49 liter (0.62 kg) hydrogen storage tanks. 
 
      Kurtz et al. and HD Systems conclude that fuel cell BuP systems can compete with battery 
and diesel generators today (Kurtz J et al. 2014; Kurtz et al. 2014a).  In comparison to battery 
systems, the cost advantages of fuel cells increase as the duration of an outage increases. Fuel 
cell BuP has advantages of longer run time, reduced maintenance, reduced noise and zero 
emissions (U.S. Department of Energy 2014). Also, fuel cell BuP systems require much less 
frequent maintenance (Kurtz et al. 2014a).   
 
      Data and assumptions used in this study are derived primarily from HD Systems, Kurtz et al., 
Contini et al. and Ramsden (Kurtz et al. 2014a; Ramsden 2013; Vince Contini et al. 2013).  HD 
Systems assessed costs of a hypothetical 5 kW MHE unit, the same size used in this study. 
Ramsden estimated costs for a larger 8‒10 kW class 1 or 2 forklift and separately for an under 3 
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kW class 3 forklift.  A 2/3 Class III, 1/3 Classes I & II weighted average of the two is shown in 
table 2 as a synthetic 5 kW system. In all markets, several products of differing sizes have been 
combined into representative 5 kW size units in this study. We characterize a single, uniform 
market for each product to match the representation in the 2011 model. The studies also 
estimated costs for an equivalent battery powered forklift.  Ramsden assessed data provided by 
firms operating over 600 forklifts co-funded by the DOE and Defense Logistics Agency (DLA).  
HD Systems’ assumptions are based on interviews with MHE fuel cell manufacturers and 
published sources.  The two studies’ detailed analyses are compared with the assumptions used 
in this study in tables 3-1 and 3-2 (Ramsden 2013). Data for the costs of fuel cells and their 
components, their expected lifetimes, maintenance, installation, infrastructure, labor savings, and 
fuel costs in tables 3-1 and 3-2 under “This Study” are used to calculate an equivalent annualized 
cost (EAC) for each technology and their competitors. 
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Table 3-1 Comparison of the Annualized Cost of Battery and Fuel Cell Systems for MHE. 
 Units This Study HD Systems (2015) Synthetic 5 kW MHE  Classes I & II MHE 8-
10 kW 
Class III MHE <3 kW 
  Ramsden (2013) Ramsden (2013) 
 Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
OPERATIONS 
Number of Forklifts  50 50 50 50 97.00 58.00  97 58 97 58 
Number of Shifts  2.0 2.0 2.0 2.0 2.1 2.1  2.3 2.3 2.0 2.0 
Refuel/Recharge/Shift  1.0 1.0 1.0 1.0 1.0 1.0  1.0 1.0 1.0 1.0 
Operating Hrs./Shift hrs. 3.5 3.5 3.5 3.5 4.1 4.1  3.5 3.5 4.4 4.4 
Days of Operation days 340 340 300 300 340 340  340 340 340 340 
Labor Cost $/hr.  $28.00   $28.00   $24.00   $24.00   $24.00   $24.00    $24.00   $24.00   $24.00   $24.00  
Refueling/charging Time hrs. 0.25 0.08 0.25 0.08 0.21 0.08  0.24 0.11 0.20 0.07 
Annualized Refueling 
Cost 
$/Lift  $4,760   $1,587   $3,600   $1,200   $3,579   $1,426    $4,376   $1,928   $3,210   $1,197  
STACK/BATTERY 
Price $  $5,350   $10,800   $5,100   $11,500   $3,467   
$21,000  
  $4,800   $33,000   $2,800   $15,000  
Batteries/Stacks per Lift  2 1  1  1 2 1   2  1  2  1 
Lifetime yrs. 4.0 7.5 4.0 7.5 4.5 9.3  4.4 10.0 4.5 9.0 
Cost of Capital %/yr. 10.0% 10.0% 10.0% 10.0% 10.0% 10.0%  10.0% 10.0% 10.0% 10.0% 
Annualized 
Stack/Battery 
$/Lift  $3,376   $2,115   $1,609   $2,252   $2,000   $3,564    $2,803   $5,371   $1,606   $2,605  
BALANCE OF PLANT 
Price $   $5,700   5750 Included in stack cost, above. Included in stack cost, 
above. 
Included in stack cost, 
above. 
Lifetime yrs.  7.5  7.5        
Cost of Capital %/yr.  0.1  10.0%        
Annualized BoP $/Lift   $1,116    $1,126         
TANK+CONTROLS+BATTERY 
Price    $7,300   9200 Included in stack cost, above. Included in stack cost, 
above. 
Included in stack cost, 
above. 
Lifetime   7.5  7.5        
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Table 3-1 (Continued) 
 Units This Study HD Systems (2015) Synthetic 5 kW MHE  Classes I & II MHE 8-
10 kW 
Class III MHE <3 kW 
  Ramsden (2013) Ramsden (2013) 
 Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Battery 
MHE 
Fuel Cell 
MHE 
Cost of Capital   0.1  10.0%        
Annualized T+C+B $/Lift   $1,429    $1,801         
OTHER MHE 
Maintenance $/yr  $1,500   $1,100   $1,100   $2,015   $1,467   $1,067    $3,600   $2,200   $400   $500  
Productivity Advantage %/shift 0% 0%          
Intangible ("Green") $/yr.  $-     $-             
Annual Other $/Lift  $1,500   $1,100   $1,100   $2,015   $1,467   $1,067    $3,600   $2,200   $400   $500  
INFRASTRUCTURE 
Refueler/Recharger $  $2,700   $340,000   $4,200   $1,700   $1,767     $2,800    $1,250   
Units/Lift  1 0.02 1 1 1.10 -  1.1 - 1.1 1 
Lifetime yrs. 5 10 5 10 6.50 -  7.5 - 6 1 
Cost of Capital %/yr. 10.0% 0.1 10.0% 10.0% 10.0% -  10.0% - 10.0% 1 
Maintenance $/yr   $13,000     $900     $900   -   $900   $3,700  
Annualized 
Infrastructure 
$/Lift  $712   $1,367   $1,108   $277   $1,411   $3,639    $1,593   $3,517   $1,306   $3,700  
ENERGY 
Cost $/kg, 
$/kWh 
 $0.10   $10.00   $0.100   $13.00   $0.08   $8.00    $0.075   $8.00   $0.075   $8.00  
Usage Rate per Hour kg, 
kWh/hr
. 
2.0 0.125 3 0.286 1.98 0.09  2.4 0.17 1.8 0.06 
Annual Energy Cost $/Lift  $476   $2,975   $630   $7,800   $433   $1,799    $495   $2,500   $394   $1,396  
TOTAL ANNUALIZED COST  $10,824   $11,688   $8,047   $16,471   $8,890  $11,495    $12,866   $15,516   $6,915   $9,397  
Stack life of 20,000 hrs., 2.25 shifts/day, 340 days/yr., 3.5 hrs. use per shift. 
Numbers for the Synthetic 5 kW MHE are a weighted average of class I, II and class III, assuming that two thirds of the fuel 
cell MHE units are class III.
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Table 3-2 Comparison of the Annualized Cost of Battery and Fuel Cell Systems for BuP. 
 Unit
s 
This Study HD Systems (2015) Kurtz et al. (2014) 
 Battery BuP Fuel Cell 
Bup 
Diesel 
Generator 
Battery BuP Fuel Cell 
Bup 
Diesel 
Generator 
Battery BuP Fuel Cell 
Bup 
Diesel 
Generator 
 Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost Datu
m 
Cost 
OPERATIONS 
Outages 
per Year 
No./
yr. 
8  8  8  8  8  8  1  1  1  
Hours 
per 
Outage 
hrs. 12  12  12  12  12  12  72  72  72  
Hours 
per Year 
 96  96  96  96  96  96  72  72  72  
BATTERY/STACK/GENERATOR 
Price $ 52 
kWh 
$8,0
00 
5 
kW 
$12,6
50 
6.5 
kW 
$6,5
00 
52 
kWh 
$8,0
00 
5 
kW 
$12,6
50 
6.5 
kW 
$6,5
00 
4-6 
kW 
$16,8
00 
4-6 
kW 
$30,7
00 
25-
35 
kW 
$28,3
00 
Lifetime yrs. yrs. 5 yrs. 15 yrs. 15 yrs. 5 yrs. 15 yrs. 15 yrs. 5 yrs. 15 yrs. 15 
Cost of 
Capital 
%/yr
. 
%/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% 
Annualiz
ed Cost 
 $/yr. $2,1
10 
$/yr. $1,66
3 
$/yr. $855 $/yr. $2,1
10 
$/yr. $1,66
3 
$/yr. $855 $/yr. $4,43
2 
$/yr. $4,03
6 
$/yr. $3,72
1 
BALANCE OF PLANT 
Price $  $4,0
00 
 $5,75
0 
 $4,5
00 
 $4,0
00 
 $5,75
0 
 $4,5
00 
 $12,0
00 
 $29,3
00 
 $24,0
00 
Lifetime yrs. yrs. 15 yrs. 15 yrs. 10 yrs. 15 yrs. 15 yrs. 10 yrs. 15 yrs. 15 yrs. 15 
Cost of 
Capital 
%/yr
. 
%/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% %/yr
. 
10% 
Annualiz
ed Cost 
 $/yr. $526 $/yr. $756 $/yr. $732 $/yr. $526 $/yr. $756 $/yr. $732 $/yr. $1,57
8 
$/yr. $3,85
2 
$/yr. $3,15
5 
MAINTENANCE, ETC. 
Maintena
nce 
$/yr N.A. $500  $500  $1,2
00 
N.A. $500  $500  $1,2
00 
N.A. $300  $100  $800 
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Table 3-2 (Continued) 
 Units This Study HD Systems (2015) Kurtz et al. (2014) 
 Battery BuP Fuel Cell 
Bup 
Diesel 
Generator 
Battery BuP Fuel Cell 
Bup 
Diesel 
Generator 
Battery BuP Fuel Cell 
Bup 
Diesel 
Generator 
 Datu
m 
Cos
t 
Datu
m 
Cost Datu
m 
Cos
t 
Datu
m 
Cos
t 
Datu
m 
Cost Datu
m 
Cos
t 
Datu
m 
Cost Datu
m 
Cost Datum Co
st 
Intangible 
("Green") 
$/yr.                   
INFRASTRUCTURE 
On-Site 
Storage/Eq
uipment 
$ Included in 
BoP 
3.7 
kg 
$6,9
00 
 $500 Included in 
BoP 
3.7 
kg 
$6,9
00 
 $500       
Lifetime yrs. yrs. 15 yrs. 15 yrs. 15 yrs. 15 yrs. 15 yrs. 15   Included in 
BoP 
  
Cost of 
Capital 
%/yr. %/yr. 10% %/y
r. 
10% %/yr
. 
10% %/yr. 10% %/y
r. 
10% %/yr
. 
10%       
Annualized 
Cost 
 $/yr. $- $/yr
. 
$907 $/yr. $66 $/yr. $- $/yr
. 
$907 $/yr. $66       
ENERGY 
Cost $/kg, 
kWh 
$/kW
h 
$0.1
0 
$/kg $10 $/gal
. 
$4.0
0 
$/kW
h 
$0.1
0 
$/kg $15 $/gal
. 
$5.0
0 
$/kW
h 
$0.0
7 
$/kg $10 $/g
al. 
$3.8
9 
Usage Rate 
per Year 
energy
/yr. 
kWh/
yr. 
420 kg/y
r. 
30 gal./
yr. 
50 kWh/
yr. 
420 kg/y
r. 
30 gal./
yr. 
40 kWh/
yr. 
29 kg/y
r. 
2 gal.
/yr. 
7 
Annual 
Energy 
Cost 
$/yr. $/yr. $42 $/yr
. 
$300 $/yr. $200 $/yr. $42 $/yr
. 
$450 $/yr. $200 $/yr. $2.0
3 
$/yr
. 
$35 $/yr
. 
$28 
TOTAL 
ANNUAL 
COST 
  $3,1
78 
 $4,1
26 
 $3,0
53 
 $3,1
78 
 $4,2
76 
 $3,0
53 
 $6,3
12 
 $8,0
23 
 $7,7
04 
 
122 
 
      A cost of capital of 10 %/year is assumed for all applications. For MHE, the number of shifts 
and the intensity of forklift use during a shift are key determinants of the fuel cell’s economic 
competitiveness.  HD Systems assumes 3.5 hours use of forklift per shift and two shifts per day 
which are assumed to enable recharging during breaks and idle time making it possible to use a 
single battery pack for one forklift (http://www.fuelcellenergy.com/products.php). On the other 
hand, Ramsden estimated an average of two battery packs per forklift based on a survey of 7 
different forklift operations (Ramsden 2013). The rate of hydrogen consumption assumed is 
similar to Hosseinzadeh et al.’s estimate of 0.15 kg/hr (Hosseinzadeh et al. 2013).  
 
      Labor costs are a key factor in the competition between fuel cell and battery forklifts. 
Ramsden predicted an average of 10.5 minutes for a battery swap and 3 minutes to refuel with 
hydrogen (Ramsden 2013). Renquist et al. estimate 15 minutes and 5 minutes, respectively for 
the same operations (Renquist et al. 2012). Larriba et al. report 10‒30 minutes for a battery 
change and 3‒5 minutes for hydrogen refueling (Larriba et al. 2013). Assuming automated 
battery charging, HD Systems estimates that both battery and fuel cell forklifts require less than 
3 minutes to complete the processes. An automated battery charging systems is expensive and 
not all firms have such facility. Thus, this study assumes 5 minutes for hydrogen refueling and 
15 minutes for a battery swap as suggested by Renquist et al. 
 
      The cost estimates for BuP systems were developed by comparing cost estimates from HD 
Systems and Kurtz et al. The capital cost estimates of Kurtz et al. were not used for several 
reasons.  Kurtz et al. assume a much more powerful diesel generator (25‒35 kW) than is required 
to provide for a 4‒6 kW of electrical power and so it’s much more costly (Kurtz et al. 2014b). 
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The capital costs of batteries and fuel cells are also much higher than HD Systems found to be 
the case in more recent interviews with OEMs and other published sources. BoP costs estimated 
by Kurtz et al. also include permitting and other site costs not included in this study. The cost of 
hydrogen is assumed to be $ 10/kg estimated by Kurtz et al.  
 
3.5 Learning-By-Doing, Scale Economy and Technological Progress 
      The recent cost analyses and discussions with OEMs indicate that some key model 
parameters assumed in the 2011 study describing scale economies, learning by doing and time-
based technological progress should be modified.  The elasticity of scale in fuel cell stack 
production used in the 2011 study was -0.2 which implies a 20 % reduction in cost for a doubling 
of production volume. HD Systems cost estimates are consistent with scale elasticities for fuel 
cell stack production in the range of -0.07 to -0.1.  This range is also consistent with Wei et al.’s 
analysis of scale economies for a much larger 50 kW PEM backup power system (Wei and 
McKone 2013a).  Their estimates imply a scale elasticity of -0.19 for the transition from 100 to 
1,000 units per year but decline to -0.07 for the transition from 1,000 to 10,000 units and to -
0.044 for 10,000 to 50,000 units.  Thus, using an elasticity of -0.2 would overestimate the 
impacts of scale elasticities for production volumes above 1,000 units per year.  Cost estimates 
by Contini et al. for fuel cell forklift stacks imply scale elasticities of -0.04 to -0.07 when 
increasing from 100 to 1,000 and then 1,000 to 10,000 (Vince Contini et al. 2013).  Scale 
elasticities inferred from their cost estimates for the balance of plant are also smaller, -0.11 for 
100 to 1,000 units per year and -0.07 for 1,000 to 10,000.  Based on this new information, the 
model’s scale elasticities were adjusted downward from -0.2 to -0.15. 
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      Progress ratios were also adjusted based on confidential discussions with OEMs.  The 2011 
study assumed a learning exponent of λ = -0.15, which implies a progress ratio of 0.90 which 
implies a 10 % reduction in cost with every doubling of cumulative production.  A typical 
pattern of cost reduction from learning in succeeding generations of fuel cell MHE systems 
based on discussions with OEMs is shown in Figure 3-4.  As a consequence, the progress ratio 
for fuel cell systems was increased to 0.95 which implies a 5 % reduction in cost with each 
doubling of cumulative production. Time-dependent technological progress (independent of 
scale or cumulative production) assumed in the 2011 study was 1 % per year for both stacks and 
systems.  Discussions with OEMs indicated cost reductions of 10‒15 % per generation due to 
technological progress. New product generations are introduced every 3‒5 years, indicating a 
rate of technological progress of about 3 % per year, which was used in the updated model. 
 
 
Figure 3-4 Learning-by-Doing of Fuel Cell MHE Systems: Comparison of Continuous and 
Generational Learning. 
125 
 
      The same market sizes used in 2011 study were retained for this study. We acknowledge that 
we do not have a good representation of the global market.  We have chosen to conservatively 
limit the markets to those North American markets in which fuel cells appear to have a 
reasonable chance of competing with established technologies. We have also limited our analysis 
to the established markets for MHE and BuP, excluding advanced applications such as 
solar/voltaic fuel cell power systems for remote radio towers (Bruni et al. 2014). Fuel cells 
cannot compete equally in all telecom applications.  Convenient access to commercial hydrogen 
supply is a critical issue and also factors such as expected frequency and duration of outages.  
Hydrogen or fuel cell service is not available everywhere. Local emissions regulations are an 
issue for diesel generators in some areas. The 2011 study assumed a market size for backup 
power to 15,000 units in 2005 increasing to 20,000 units in 2025. Annual U.S. sales of battery 
electric forklifts are approximately 50,000 units for classes I and II and another 50,000 for class 
III.  According to Elgowainy et al., 31% of class I and II forklifts operate two or more shifts per 
day (corresponding to annual sales of 15,000 units) (Elgowainy et al. 2009).  Not all of these 
forklifts go to multiple shifts, intensive-usage operations. The 2011 study assumed a relevant 
market size of 17,000 units in 2005, increasing by 2 % per year.  
 
      The recalibrated model predicts the price of MHE stack and BoP to be $33,000-34,000 in 
2010 with a wide range of uncertainty (Figure 3-5). The uncertainty declines rapidly in 2011 and 
continues progress through 2014. The prediction for 2013 is close to HD System’s (2015) 
estimate of $15,000-16,000 for a complete MHE fuel cell system in that year. In contrast to 
Contini et al. (2013), HD Systems (2015) assumes the markup of only 10-15% over direct 
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manufacturing cost for a fuel cell OEM unit as the market conditions in 2013 did not allow full 
cost recovery. 
 
Figure 3-5 Predicted Retail Price of Fuel Cell Stack and BoP for a Representative 5 kW 
Forklift. 
 
      The model slightly over predicts the price of fuel cell BuP systems in 2013, compared to HD 
Systems (2015) estimate of $11,000 to $11,500 as shown in Figure 3-6. The HD Systems 
assumes that firms are not yet able to fully recover their indirect costs. 
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Figure 3-6 Predicted Retail Price of Fuel Cell Stack and BoP for a Representative 5 kW 
BuP Unit. 
 
3.6 Methodology 
      Impacts of the ARRA and ITC are analyzed using the Non-Automotive Fuel Cell Market 
Model.  A simpler version of this model was first developed by Greene et al. in 2008. The model 
simulated how increased government purchases of fuel cells could reduce costs through learning-
by-doing and scale economies, and how such cost reductions might affect fuel cells’ market 
success, with lower costs leading to higher sales, in turn helping to further reduce costs (Greene 
and Duleep 2008). A more complex model was developed in 2011 to estimate the potential 
impacts of government policies on the non-automotive fuel cell market and to explore the 
potential to establish a self-sustaining U.S. industry. The model includes the effects of learning-
by-doing, scale economies and exogenous technological progress on component and system 
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costs, estimates customer choices between fuel cell and competing established technologies. The 
2011 model is described in Greene et al. and Upreti et al. (Greene et al. 2011; Upreti et al. 2012).  
For this study, we did not change the structure of the 2011 model but rather updated the model’s 
data and parameters as described above. Although the model’s representation of the North 
American fuel cell market is highly generalized it includes the critical processes of market 
transformation: production costs and technological change, scale economies, learning-by-doing 
and customer choice among competing products. The model produced reasonable predictions of 
fuel cell equipment sales for the period 2011 to 2014 and relatively accurate price forecasts for 
the same period which gives reason to believe that it may also perform well for the near-term 
future (Greene and Upreti 2015). 
 
      The current model is used to estimate the impact of ARRA and ITC and the steps involved 
are described in next section. The model is comprised of seven sub models. The first step is 
calculation of an EAC for each technology in the Cost Analysis module. Capital investments are 
translated into annual costs based on their expected lifetimes, L, the cost of capital, r, and by 
dividing by an annuity factor, A. 
 
      EACs are calculated in the Cost Analysis module for each fuel cell technology including the 
main competitors.  Expected lifetimes vary by component (e.g., stack vs. BoP) but a uniform 10 
% cost of capital is used throughout.  EACs between 2005‒2014 are input data.  Costs for future 
years are determined by the prior year’s production volumes (scale), cumulative production 
(learning) and exogenous technological progress (time).  EACs are also affected by policies that 
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change the capital and operating costs of fuel cells. Policy assumptions are specified in the 
Policy Scenario spreadsheet. 
 
      EACs are passed to the Choice Model where market shares of fuel cells and competing 
systems are calculated. A price elasticity of -2 at 50 % market share is assumed for each 
technology. Market shares are then passed to the Sales spreadsheet, where they are multiplied by 
the total potential market size from the Market Characterization spreadsheet.  Potentially strong 
feedback effects are generated when sales are passed back to the OEM model, which calculates 
the effects of scale economies, learning-by-doing as a consequence of cumulative production, 
and exogenous technological change.  These are integrated into cost multipliers which are then 
passed back to the Cost Analysis spreadsheet. 
 
3.7 Estimating ARRA and ITC Impacts 
      Impacts of ARRA subsidized purchases were estimated by using the model in a back-casting 
mode. The actual historical case is fuel cell system sales with ARRA while the counterfactual 
historical case is without ARRA. The method used to estimate ARRA impacts can be 
summarized as: 
1. Calibrate the choice model to exactly predict non-ARRA purchases in 2009‒2013, 
allowing the actual sales (including ARRA sales) in each year to influence scale and learning 
effects. 
2. Remove the ARRA deployments and predict what non-ARRA sales would have been 
without them. This eliminates the scale and learning benefits of the ARRA sales. 
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3. Calculate the ARRA - induced additional sales as (Actual Sales) - (ARRA deployments) - 
(Predicted Sales without the ARRA). 
 
      The calibration was accomplished by adding constant terms, Ai to the utility function in 
equation 5. Since ARRA sales were included in the calculation of scale economies and learning 
by doing, the purchase prices were lower than they would have been without the ARRA 
subsidies. Since the effect of scale economies and learning induce positive feedbacks on sales, 
the estimation of constant terms was done sequentially, beginning with 2006 and proceeding one 
year at a time until 2014.  The model was also simultaneously calibrated to predict within +/- $ 5 
the 2014 capital costs of the following fuel cell components: 1) for BuP, the stack, BoP and on-
site infrastructure, 2) for MHE, the stack, BoP and hydrogen storage tank + controls + battery. 
The capital costs are listed in tables 1 and 2 under “This Study”.  
 
      A key assumption of the method described above is that all the ARRA sales are additional. It 
assumes that none of the firms that purchased hydrogen fuel cell MHE or BuP units with the 
benefit of ARRA subsidies would have purchased any fuel cell units without the subsidy.  Given 
the very substantial size of the subsidies (about 40 % of purchase price), the novelty of the 
technology, and the fact that fuel cell prices would most likely have been higher in the absence 
of the ARRA purchases, the assumption of 100 % additionality is probably not far off the mark. 
However, the sensitivity of the predicted impacts to additionality was tested by assuming that an 
upper bound of 50 % of the fuel cell purchases would have occurred even without the ARRA 
subsidies.  This was done by shifting 50 % of the purchases from the ARRA category to the non-
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ARRA category and recalibrating the model to predict the larger quantities of non-ARRA 
purchases, using the same method described above. 
 
3.8 Results 
      The ARRA subsidized purchases of 1,356 fuel cell BuP and MHE units between 2009 and 
2014 is estimated to induce additional sales of over 4,300 units through 2014.  Similarly between 
2015 and 2025, the model estimates that the ARRA subsidies are estimated to generate more 
than 1,300 fuel cell units. Most of the induced sales occur between 2011 and 2015. These 
estimates assume that none of the ARRA-subsidized purchases would have occurred without the 
ARRA subsidies. If half of the ARRA-subsidized purchases would have occurred without the 
ARRA subsidies, the ARRA impact is still significant. The ARRA subsidies are estimated to 
induce 2,800 additional sales of BuP units and 450 additional MHE sales through 2025.  A 
reasonable rule of thumb is that the additional ARRA sales scale linearly with one minus the 
fraction of ARRA subsidized sales assumed to be free riders. That is, if 25 % were assumed to be 
free riders, the estimated additional sales would be approximately 75 % of the full impact (4,500 
BuP and 1,100 MHE units).   
 
      The increase in sales is due to reduction in the production cost of fuel cells via scale 
economies and learning by doing. The reduction in cost is assumed to be passed to purchasers. 
The cost reduction is substantial over time as shown in Figure 3-7. Initially, in 2009‒10 the cost 
reduction is less than $ 100 per unit and grows to $ 2,600 per unit for MHE in 2012 and almost $ 
3,100 for BuP in 2013. The impact of the ARRA initially grows with increasing ARRA-
subsidized sales but then declines after ARRA sales peak.   
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Figure 3-7 Estimated Additional Impact of ARRA on Fuel Cell BuP and MHE Sales. 
 
      However, the impact of the ARRA increases after the expiration of the ITC in 2017. This is 
because the termination of the ITC causes a sharp reduction in sales in 2017. In a market without 
the ITC, the benefit of the ARRA sales is relatively greater. The ARRA induced additional sales 
generate transitory scale economies at the time but also cause persistent cost reductions through 
learning-by-doing.  This leads to higher levels of sales and thus somewhat increased scale 
economies in comparison to the no-ARRA case. Even as late as 2016 the ITC reduces the capital 
costs of fuel cell BuP or MHE unit by $ 7,000 to $ 8,000. 
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Figure 3-8 Estimated Impact of ARRA on the Capital Costs of Fuel Cell BuP and MHE 
Sales. 
 
      The impact of the ITC on fuel cell sales are shown in Figures 3-9 and 3-10. In the reference 
case the ITC is zeroed out in 2017. Fuel cell sales are sharply reduced after the termination of the 
ITC in 2017 (Figures 3-9 and 3-10). Although we are not accounting for international sales this 
would clearly be a serious setback for the fuel cell industry. 
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Figure 3-9 Projected Sales of 5 kW Fuel Cell BuP Units, Assuming the ITC Ends after. 
 
 
Figure 3-10 Projected Sales of 5 kW Fuel Cell MHE Units, Assuming the ITC Ends after 
2016. 
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      The impact of a gradual phase-out of the ITC on fuel cell sales is shown in Figures 3-11 and 
3-12. A linear phase-out of the 30 % credit to 25 % in 2017, 20 % in 2018 down to 5 % in 2021 
and 0 % in 2022 would have a much less dramatic impact on the industry. For both BuP and 
MHE very small decreases in sales are predicted. Thus, some form of gradual phase-out would 
be far less damaging to the industry than a sudden termination of the ITC. 
 
 
Figure 3-11 Projected Sales of 5 kW Fuel Cell BuP Units Assuming ITC Phaseout. 
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Figure 3-12 Projected Sales of 5 kW Fuel Cell MHE Units Assuming ITC Phaseout. 
 
3.9 Conclusions 
      The North American fuel cell industry has achieved major cost reductions via scale 
economies, learning-by-doing, and technological progress since the study by Greene et al. in 
2011 (Greene et al. 2011). The combination of industry progress and government support led to 
rapid sales growth. Industry consolidation reduced the number of firms enabling the remaining 
firms to cut costs. 
 
      This study has estimated the impacts of the ARRA on the North American non-automotive 
fuel cell industry in terms cost reductions due to scale economies and learning by doing, which 
resulted in additional sales of fuel cells for MHE and BuP. An updated revision of the non-
automotive fuel cell market model of 2011 estimated that the ARRA subsidized purchases of 
1,356 fuel cell BuP and MHE units between 2009 and 2014 induced additional sales of over 
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4,300 units for 2009‒2014 and between 2015 and 2025, the model estimates that the ARRA 
subsidies will generate additional sales of more than 1,300 fuel cell units. Thus, the model 
estimates that the ARRA purchases will generate approximately 4 additional units for every 
ARRA purchase assuming none of the ARRA-subsidized purchases would have occurred 
without the ARRA subsidies.  
 
      The model predicts that if ITC expires in 2017, there is likely to be a sharp reduction in the 
sales of fuel cells for BuP and MHE, on the order of 50 %. On the other hand, if the ITC is 
gradually phased out by 2022, North American sales of fuel cells might remain approximately 
constant during the phase-out period and increase beyond 2022, driven by continuous 
improvement in the durability of fuel cell systems and reductions in cost. 
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Conclusions  
      The dissertation presents a model for reduction in cost of a technology due to learning-by-
doing, scale economy, and technological progress. The cost is further reduced by the government 
incentives. The model is tested for various policy (ITC) scenarios for predicting future market 
share of fuel cell. The model predicts impact of incentives on non-automotive fuel cell. The 
impact of a gradual phase-out of the ITC on fuel cell would have a much less impact on fuel cell. 
The continuation of policy is critically important to the BuP market compared to MHE.   
 
      The model quantifies the key attributes affecting the competitiveness of new technology, and 
estimate how those factors are likely to be affected by policies, learning, scale economies and 
technological progress. The reduction in costs helps to increase the market share. The sensitivity 
analysis illustrates uncertainty of future market of fuel cells. The cost reductions estimated by the 
model assume that historical data on production volume, cumulative production and 
technological advances over time continue into the future. This is not always guaranteed. 
Attributes like local environmental conditions, local availability and costs of hydrogen, local 
labor, and other operation costs are not explicitly represented in the demand models. Export 
markets are not clearly understood. Adding more variables into model can help more accurate 
prediction. 
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